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“Man's flight through life is sustained by the power of his knowledge.’
Monument, US Air Force Academy

Part One: Introduction and Fundamentals

Anyone desiring to effectively practice catalysis, the science of catalytic reactions and catalysts,
must have a firm grasp of the fundamentals. This is not accomplished on a whim; rather it requires
significant expenditures of time and effort. Regardless of discipline, be it teaching, research,
industrial practice, or management, intensive study, leading to understanding, is the key to success.

What are fundamentals? They include basic, underlying definitions, rules, principles,
relationships, methods, models, and laws of science. They comprise the essence of the subject.

What are the fundamentals of catalysis for the practitioner? They include (1) definitions and
models of catalysis, catalyst, and catalytic reaction; (2) the basic molecular processes in a catalytic
reaction; (3) catalytic materials and properties; (4) methods of preparing and characterizing
catalysts; (5) methods for measuring catalytic activity, selectivity, and longevity; and (6) design of
reactors for studying and implementing catalytic reactions.

Of course, the above topics relating to fundamentals of catalysis might be ordered in many
different ways. Based on our experience in teaching, we have chosen the following approach:

Chapter 1 provides important background and definitions of catalysis; it describes basic molecular
processes in a catalytic reaction; quantitative definitions of rate and adsorption; and the roles of
surface structure and support in catalysis.

Chapter 2 treats fundamentals of the structure and chemistry of catalytic materials; outlines
important catalyst properties; and summarizes methods and principles involved in catalyst
preparation.

Chapter 3 addresses methods and tools for determining catalyst properties with an emphasis on the
study of catalytic surfaces.

Chapter 4 develops the basic equations for reactor design and illustrates their application; it
addresses methods for collecting, analyzing, and reporting rate data for catalytic reactions.

Chapter 5 addresses the basic causes and mechanisms for catalyst decay as well as methods for
avoiding deactivation; rate equations for different decay networks; collection of rate data; and
design of reactors for a reaction involving a deactivating catalyst.

We think that your careful study of this material will prepare you well to fully appreciate and
understand the information in the Practice section of this book and to more efficiently and
successfully work in your own practice, whatever that may be.
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“Chemistry without catalysis would be a sword without a handle, a light without brilliance, a bell without sound.”

- A. Mittasch

1.1 Emergence of Catalyst Technology, A Brief History

1.1.1 Basic Variables for Control of Chemical Reactions

Since the beginning of time, man has been concerned about the control of chemical reactions. There are
presently four basic variables available to us to control chemical reactions: (1) temperature, (2) pressure, (3)
concentration, and (4) contact time.

In the 19" and early 20™ centuries most industrial reactions were run at high temperatures and pressures
in order to achieve reasonable rates of production. This is the sledgehammer approach. Unfortunately, these
severe conditions are (1) energy intensive, (2) corrosive or otherwise damaging to equipment and materials,
and (3) nonselective—that is, they result in undesirable side reactions and side products.

However, in the last 4-5 decades, two important technological developments have enabled us to run most
chemical reactions under less severe conditions:

1. First, extensive use of catalysts, substances which speed up reaction rate, has enabled us to operate at
lower pressures and temperatures. We call this the feather approach.

2. Second, improved methods of contacting, such as packed and fluidized catalyst beds, have enabled us
to operate under continuous flow conditions at much higher efficiencies.

1.1.2 A Brief History of Catalyst Technology Development

Let’s briefly trace the historical developments leading to the present extensive use of catalytic
processes.' Catalyst technology was practiced on a small scale for centuries in inorganic form to make soap
and in the form of enzymes to produce wines, cheeses, and other foods and beverages (Heinemann, 1981).
The word ‘catalysis’ was coined by Berzelius in 1836; moreover, catalysts were identified and studied by
Berzelius, Davy, Faraday, and other scientists in the early 1800s. However, industrial catalyst technology
had its real beginning about 1875 with large-scale production of sulfuric acid on platinum catalysts, although
sadly the inventor of this catalyst, Peregrin Philips (British Patent No. 6096, 1831), did not live to see the
first contact sulfuric acid plant constructed (Burwell, 1983).

In the ensuing 100 years, catalyst technology expanded exponentially, although the timeline can be
highlighted with several major breakthroughs (summarized in Table 1.1). The first of these was ammonia
oxidation on Pt gauze developed by Ostwald and leading to the production of nitric acid in 1903. The
discovery of promoted iron for ammonia synthesis by Mittasch, and the subsequent development of the
ammonia synthesis process by Bosch and Haber occurred in the period of about 1908 to 1914; however, this
important advance was no accident, since Mittasch, with typical German thoroughness, investigated over
2500 catalyst compositions in his search for the optimum. Ninety years later, it is still the most widely used
catalyst for this reaction. Consider what impact this single discovery has had on agriculture and our ability to
feed the masses of the world.

In the early 1900s (1920-1940), catalytic processes for hydrogenation of CO to methanol or liquid
hydrocarbons paved the way for using synthesis gas from natural gas or coal to produce liquid fuels and
chemicals.

! The history of catalytic technology has been reviewed by Heinemann (1981), while Davis and Hettinger (1983) have edited a
volume that reviews selected histories of developments in heterogeneous catalysis with emphasis on those in the United States.
Laidler's text on kinetics (1987) includes biographical sketches of important contributors to the fields of kinetics and catalysis
research and technology.
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Table 1.1 The Development of Important Industrial Catalytic Processes

Year of First Process/Reaction Catalyst Area of

Commercialization Industry

1875 Sulfuric acid mfg. Pt, V,0s5 Chemicals
SO, + 12 0O, —> SOz

1903 Nitric acid mfg. Pt gauze Chemicals
2NHj; + 5/2 O, —» 2NO + 3H,0

1913 Ammonia synthesis Fe/Al,O5/K,0 Chemicals
N, +3H; —» 2NH3; Fertilizers

1923 Methanol synthesis CuZnO Chemicals
CO + 2H, —» CH;0H

1930 Fischer-Tropsch synthesis Fe/K/CuO, Co/Kieselguhr Petroleum
CO + 2H; — C-C3¢ HCs

192040 Hydrogenation reactions Ni/Kieselguhr, Raney Petrochemicals
Hydrogenation of food oils Foods

193642 Catalytic Cracking Si0; - ALO3 Petroleum
Cp0-C39 = Cg-Ci6 HCs

1937 Ethylene oxidation Ag/ALLO5 Chemicals
C,Hy + O, —» C,H40

1942 Paraffin alkylation H,SO4, HF Petroleum
C3Hg + C4Hip > C7Hyg

1938-46 Oxo Process Co carbonyls Chemicals
alkene + CO/H, — aldehydes (homogeneous)

1950 Catalytic Naphtha Reforming Pt/AL, O3 Petroleum
Dehydrogenation, isomerization

1955 Stereospecific Polymerization TiCl3/Al(R)3 Chemicals
n(C,H4) — polyethylene

1960 Wacker Process PdCl, (homogeneous) Chemicals
C,H4 + H,O —» CH5CHO

1963 Ammoxidation Bismuth Phosphomolybdate Chemicals
C3Hg + NH3 + 3/2 0, > Sb/U oxide
CHZZCHCN + 3H20

1964-69 Oxychlorination CuCl, (homogeneous) Petrochemicals
C,H, + HCI — C,H;Cl

1964-8 Zeolitic catalytic cracking Exchanged X, Y zeolites Petroleum
Hydrocracking

1967 Multimetallic reforming Pt-Re, Pt-Ir-Cu Petroleum

1960s Hydrodesulphurization CoMo/Al,O3 Petroleum
R-S +2H, —» H,S + RH,

1976, 1981 Auto Emissions Control Pt, Pd/Al,03, Rh/Al,O3 Automotive
CO and HC oxidations Environmental
NO reduction Control

1980-95 Selective catalytic reduction of NO VO,TiO,, zeolites Environmental
4NH; + 4NO + O, — 4N, + 6H,0 Control

1980-95 Shape selective reactions New zeolites, e.g. ZSM-5 Petrochemicals

e.g. mfg. of ethylbenzene

Germany used this technology during World War II to provide synthetic fuels for operating their war
machinery when petroleum supplies had been cut off. The development of efficient Ni catalysts for
hydrogenation of organic compounds provided new synthesis routes to chemicals and foodstuffs, including
low cholesterol vegetable oils. Catalytic cracking, which began between 1935 and 1940, was the first
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significant use of solid catalysts in the petroleum industry—a very important development, which allowed
refiners to increase gasoline yield and thereby use petroleum crude feedstock more efficiently. This was
followed in 1950 by the development of catalytic naphtha reforming involving dehydrogenation of
cyclohexane to benzene and isomerization of straight chain alkanes to increase gasoline octane rating.
Around 1960 marked the beginning of hydrotreating catalyst technology at refineries to remove sulfur,
nitrogen, and metals from petroleum feedstocks, a technology, which has continued to expand as petroleum
feedstocks have become increasingly ‘sour’ with organic sulfur and nitrogen compounds.

Around 1955, Ziegler-Natta discovered that AICIl; catalysts could be used for production of
polypropylene at low pressures. This and later discoveries of catalysts for making important monomer
building blocks such as acrylonitrile and acrolein (beginning around 1963) revolutionized the chemical and
polymer industries.

One of the first large-scale industrial processes to utilize a homogeneous catalyst was the Wacker
Process for making acetaldehyde from ethylene. The use of this ‘feather approach’ (around 1960) enabled
reduction of the temperature and pressure from 375-500°C and ten’s of atmospheres to 100°C and 7 atm.
Since then more than a dozen large-scale commercial processes (exceeding 100,000 metric tons per year)
have been developed based on homogeneous catalysis, including olefin hydrogenation and
disproportionation, carbonylation, oxidation, and polymerization (Heinemann, 1981).

Several decades ago, Weisz and Frilette (1960) coined the word ‘shape-selective catalysis’ to describe
the unique selectivity properties of crystalline molecular sieves or zeolites in cracking n-alkanes to
exclusively straight chain products. The ‘shape-selectivity’ of zeolites is based on their unique ability to
selectively admit or reject molecules of a characteristic size and/or shape at the entrance to molecular-size
pores containing active sites. Aluminosilicate zeolites are further characterized by a high density of strong
acid sites. Because of their high activities and selectivities for acid-catalyzed reactions, zeolites quickly
(1964-8) found application to catalytic cracking and hydrocracking of petroleum feedstocks. In the
subsequent three decades, zeolites have found numerous applications to shape-selective petroleum
processing and production of chemicals and fuels (Chen et al., 1989; Bhatia, 1990; Chon et al., 1996;
Guisnet and Gilson, 2002; Auerbach et al., 2003), e.g. catalytic reforming to produce octane boosters,
dewaxing of distillate fuels and lubebase feedstocks, oligomerization of light olefins to distillates, xylene
synthesis and isomerization, ethylbenzene and paraethyltoluene synthesis, and gasoline or light olefin
production from methanol.

During the late 1970s and early 1980s, noble metal catalysts were developed for control of CO,
hydrocarbon and NO emissions from automobiles. Increased emphasis on environmental control in the
United States and Europe during the 1980s and 1990s led to the development of vanadium titania and zeolite
catalysts for selective reduction of nitrogen oxides with ammonia. Catalysts for removal of volatile organic
hydrocarbons (VOCs) and hazardous organics such as chlorohydrocarbons were also developed during this
period. Developments since 1990 will be addressed later in the chapter.

1.2 Importance of Catalysis and Catalyst Technology

1.2.1 Impact on Society and Life Forms

How important is catalysis? Without it our modern technological society would not have happened! Our
worldwide economy is based on catalytic production of chemicals and fuels. Much of the food you eat is
preprocessed catalytically and the clothes you wear are made of fabrics produced in catalytic processes (see
Figure 1.1). The fuels that powered the vehicles that brought you to school or work today were produced in
catalytic processes. Four of the largest sectors of our world economy, i.e. the petroleum, power, chemicals,
and food industries, which account for more than 10 trillion dollars of gross world product, are largely
dependent on catalytic processes.
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Figure 1.1 Our world economy is based on catalytic production of chemicals and fuels.

Catalysis is fundamental to life! In fact, without catalysis no form of life could exist! The life supporting
reactions in our body are catalyzed by enzymes, nature’s catalysts. They enable life processes such as
respiration to occur rapidly at ambient temperatures and pressures, conditions under which the materials in
our body can survive. Most life-related reactions in nature are enzgmatic. Enzymes are marvelously efficient,
complex catalysts that can manufacture on the order of 10° to 10° new molecules per second. Each enzyme
contains an active site or pocket having its own peculiar geometry for binding to one specific kind of
molecule. For example, the hexokinase enzyme has an active site ideal for binding and metabolizing only
one molecule, glucose, and thereby catalyzes the metabolism of this simple sugar.

4

Without catalysis no form of life could exist!

Enzymes, the catalysts of life, play an important role in growth and maturation processes; however, they
apparently also play a role in the growth of cancers and the AIDS virus. For example, the aspartic HIV-1
proteinase enzyme, shown schematically in Figure 1.2, has been found to play an active role in the process of
HIV-1 viral replication (Keech and Lazou, 1990); it is, in fact, responsible for the cleavage of its own
precursor, a gag-pol fusion polyprotein. Because the HIV-1 retrovirus has been implicated as a causal agent
of AIDS, recent research has focused on developing inhibitors that would block the active site of proteinase,
thereby interrupting the sequence of AIDS virus maturation.

Figure 1.2 Supercomputer model of aspartic proteinase, a dimeric enzyme active in the cleavage of its own precursor,
a gag-pol fusion polyprotein; this reaction is one of several steps in replication of the HIV-1 retrovirus, a possible
causal agent of AIDS (Cray Channels, 1990).
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1.2.2 Economic Importance of Catalyst Technology

Catalyst technology has played an increasingly key role in the economic development and the national
interest of countries of the world during the 20™ Century. It was Fischer-Tropsch catalyst technology that
enabled the Germans to sustain their World War II effort by synthesizing gasoline fuels for their war
machinery from German coals at a time when petroleum feedstocks had been cut off. On the other hand, it
was superior catalyst technology that led to the crucial 1940 victory of the British Air Force over the German
Luftwaffe in the Battle of Great Britain (NRC Report, 1992). While the Germans lost 1733 planes, the
British lost only 915 planes because of their greater maneuverability with 50% faster bursts of acceleration
from their superior 100-octane fuel compared to the Germans’ 88 octane gasoline; the new high octane fuel
was produced by catalytic cracking, a process developed at Universal Oil Products in 1938.

Catalytic cracking has also had a major favorable impact on the United States balance of payments by
enabling more efficient use of petroleum feedstocks whose cost has increased greatly in the past two
decades. In particular, the use of more efficient zeolite catalysts has benefited the United States balance of
payments about $8 billion per year (400 million barrels of oil/year at about $20/barrel) since about 1972
(NRC Report, 1992).

Catalyst technology is the backbone of the chemical and petroleum industries, two of the largest global
industries with worldwide sales of 1.5 and 2 trillion U.S. dollars per year, respectively. In the United States
alone these two industries employ more than 1.5 million workers. In fact, of 63 major new products and 34
process innovations in the chemical industry from 1930 to 1980, 60% of these products and 90% of these
processes were based on catalyst technology. Catalysis is likewise critical to the petroleum refining industry;
indeed, except for distillation, more than 90% of refining processes are catalytic.

Catalyst technology can be leveraged to great advantage, because (1) catalyst cost is only 0.1% of the
product value of petroleum refining and 0.22% of that from petrochemical processes and (2) commercial
catalysts typically have been designed with remarkable longevity, i.e. they typically turnover (convert one
molecule per site) 20—-100 x 10° times before requiring regeneration or disposal. From a global economic
perspective, $10 billion invested worldwide in catalyst technology leads to about $10 trillion of gross world
product.

1.2.3 Catalyst Technology of the Present

Present-day catalyst technologies can be classified into three areas of important activity in the world
economy, namely, petroleum refining, chemicals manufacturing, and environmental clean-up. Environmental
catalysts can be further divided into technologies for control of emissions from mobile and stationary
sources. Chemicals manufacture can be broadly classified according to reaction type, i.e. hydrogenations,
oxidations, synthesis, polymerizations, and enzyme reactions. Detailed descriptions of these technologies are
provided in Chapters 6—12, the practice section, of this book.

Most process catalysts are supplied in a highly competitive world market by several hundred firms, some
of the largest of which are listed in Table 1.2. In the past decade this market has experienced a healthy
growth rate of about 5% (see Table 1.3). Estimates of world catalyst sales vary over a significant range. For
example, estimated sales for the year 2000 range from about $10 billion (Catalysis Letters, 2000) to $17
billion (Bartholomew, 2004), although the higher figure includes about $4 billion in noble metals (see Table
1.3), while the lower figure may not. Estimated worldwide and United States catalyst sales for 1993 to 2005
summarized in Table 1.3 (Bartholomew, 2004) are based on a careful study of pertinent literature, a
comprehensive marketing study of the auto catalyst market, and calculations from actual or projected world
markets. A continued overall growth rate of about 5% is predicted for the catalyst industry, although growth
is likely to be lower for catalysts used in the synthesis of bulk and fine chemicals and for petroleum refining
catalysts but higher for biocatalysts and environmental catalysts (not counting the auto catalyst market).



Chapter 1: Introduction and Fundamental Catalytic Phenomena 9

Table 1.2 Major Catalyst Producers and Their Products
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Table 1.3 Catalyst Sales (billions of U.S. dollars)* (Bartholomew, 2004)

Annual
Category 1993 1997 2000 2001 2005 growth rate, References
%
Worldwide
Auto ca‘talys‘csb 2.18 2,65 6.75 7.09 8.61 5.0 Bartholomew, 2002
Chemicals www.nacatsoc.org, 2002;
Morbidelli et al., 2001
Biocatalysts (enzymes) 1,79 226 269 283 344 6.0 Y;;;V‘nacatsoc'org’ 2002; C&EN,
Bulk 1.75 1.80 197 2.07 2.51 3.0 Chemweek, 1999
Fine (non bio) ¢ 0.41 0.45 0.49 0.52 0.63 3.0 C&EN, 2001
Polymers 0.94 .70 2.02 2.12 2.58 5.0 Chemweek, 1999
. . d www.nacatsoc.org, 2002;
Environmental (minus auto) 0.62 0.67 0.73 1.01 1.23 10.0 Chemweek, 1999; C&EN, 1999
www.nacatsoc.org, 2002; O&G,
Petroleum refining 1.80 2.10 2.00 232 2.82 4.0 2002; Chemweek, 1999; C&EN,
2001
Recovery of spent catalysts 0.62 0.65 075 0.79 0.96 5.0 Chemweek, 1993 °
Total 10.1 123 174 187 228 5.0
U.S./North America
Auto catalystsb 0.83 141 338 3.55 4.11 5.0 Bartholomew, 2002
Biocatalysts 048 051 064 067 078 6.0 fggg“week’ 1993; Chemweck,
Chemicals 120 126 142 149 172 3.0 fggg“week’ 1993; Chemweek,
Environmental (minus auto)® ~ 0.06 ~ 0.09  0.13 039  0.46 10.0 fggg“week’ 1993; Chemweek,
Petroleum refining 052 075 088 092 1.07 4.0 fggg“week’ 1993; Chemweck,
Recovery of spent catalysts 0.31 033 040 042 0.48 5.0 Chemweek, 1993
Total 3.4 4.3 6.8 7.4 8.6 4.7

* Does not include about $1.2 billion per year of catalysts produced and consumed internally by chemical and petroleum
companies, nor $4.3 billion per year in process/catalyst licenses and other royalties (2001 figures).

b Starting in 2000, precious metals are included with automotive catalysts. If noble metal catalysts are excluded from auto
catalysts, the 2001 worldwide and US totals are reduced $3.45 and 1.73 billion, respectively, to $15.2 and 6.9 billion,
respectively. However, the arguments for excluding the noble metals are weak.

¢ Fine chemicals include about 75-80% pharmaceuticals and 20-25% agricultural chemicals, dyes, food and feed additives. It
is assumed that biocatalysts account for 80% of fine chemicals, non-biocatalysts for 20%.

4 Initial estimate for industrial emissions control (other than auto) is based on 1989 figures from Greek (1989). Growth rate of
industrial emissions is estimated at 10% per year worldwide. An extra spurt of growth is anticipated in 2001-5 due to
installation in the U.S. of SCR units on coal-fired power plants (about 0.25 billion/year). SCR catalyst replacement cost for
Europe and Japan is potentially $1 billion/year; assume $0.5 billion/year because of regeneration.

¢ Assumes 50% U.S./50% Europe & Japan

1.2.4 Catalysis in Your Future

What kinds of catalyst technology will we be seeing in the next several decades and how will this impact
your future? There are a number of important trends emphasizing the feather approach, with development of
new materials and innovations in reactor design. These include:

e Milder reaction conditions—lower temperatures and pressures (the feather), i.e. greater application of
homogeneous and enzyme catalysts.
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o Improved selectivity for desired products—More active, selective catalysts, lower temperatures, and
fewer undesirable side reactions.

e New catalysts—enantiomer-selective catalysts, multifunctional bimetallic catalysts, chemzymes,
zeozymes and enzymes.

o The emergence of new materials—ec.g. new zeolites, new tailored supports, and catalysts designed at
the nanoscale and even at the molecular level (see Chapter 2).

o Greater use of sophisticated tools to study and characterize catalytic materials (see Chapter 3).

e Innovations in contacting and reactor design—e.g. microchannel and membrane reactors and more
sophisticated modeling methods.

During the next 15-20 years, three important areas of emerging catalyst technology will greatly change the
way in which energy, fuels, chemicals, foods, and drugs are produced and refined.

The first is increased production of energy, fuels and chemicals from natural gas, coal and
biomass—As natural gas and coal gradually replace petroleum as the major sources of energy and
chemicals, scientists and engineers will be involved in the design, construction, and operation of natural
gas/petroleum refining complexes and biomass/coal-conversion complexes. For example, Fischer-Tropsch
wax/crack technology, such as that recently developed by Shell, Exxon-Mobil, and Sasol to convert natural
gas to gasoline and chemicals (see Chapter 6), will involve many new catalytic and chemical operations and
will revolutionize petroleum refineries. Due to increasing emphasis on renewable energies, new catalytic
processes will be developed for economically converting biomass to fuels and chemicals.

In the power sector, there will be dramatic and important developments, including catalytic combustion
of fuels, fuel cells that use catalyst electrodes to convert fuels to electricity at high efficiencies, and solar-
powered electrochemical cells. A shift to more distributed power production appears inevitable.

The second major area involving catalysis is that of environmental engineering—There is a growing
and genuine concern about man’s destruction of Earth’s natural environment. Pressures are mounting on
every front to minimize air, water, and solids pollution. These issues are bringing catalysis to the spotlight
once again.

Some developing and promising new catalytic applications on the environmental front include advanced
catalyst technologies for ultra low level auto emissions control, particulate reduction from diesel engines,
selective catalytic reduction (SCR) of NOj to elemental N, in effluents from power plants and turbines, and
catalytic destruction of hazardous wastes such as polynuclear aromatic hydrocarbons and chlorinated
biphenyls that are potent carcinogens. Some anticipated developments in auto/truck emissions control for the
coming decade include rapid warm-up converters, which minimize startup emissions, NOy reduction traps
for lean-burn/diesel engines, and SCR converters for reducing NOy in diesel truck engines. In the not-so-
distant future, we can expect catalytic control of emissions in small businesses and households, e.g. catalytic
control of carbon monoxide and hydrocarbon emissions from dry cleaners, paint shops, restaurants, and
small engines, including lawnmowers, boats, snow blowers, and motorbikes. In the long term, there will be
CO,- and Hj-based catalytic chemistries to convert CO, emissions to useful fuels and chemicals and new
catalytic processes to minimize hydrocarbons and CO, emissions.

The third major area involving catalysis is that of enzymatic and homogeneous catalysis—The
rapidly growing biotech industry already involves biologists, chemists, and chemical engineers in the design
and manipulation of enzymes and organometallic enzyme-mimics. It has revolutionized and will continue to
revolutionize the way we produce chemicals, drugs, and food products.

Let’s mention some examples. Enzymes supported on glass and ceramics are already used in the food
industry to convert cellulose waste to glucose and glucose to fructose; the application of biocatalysts in
production of pharmaceutical products is expanding at a brisk pace. New processes are being developed for
using bacteria or cells to convert waste to useful or harmless materials.
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What was just a few years ago wild speculation is now probably an inevitable development in our future,
namely, biocatalytic computers. The nerve cell, a component of the human mind, is presently the most
compact computer known to man. How does it work? What little we know indicates that it involves very
complex chemical and enzymatic reactions. As computers continue to get smaller, what is the ultimate in
miniaturization? Perhaps it is the coupling of DNA with enzymes at the molecular level.

1.3 Fundamental Catalytic Phenomena and Principles

1.3.1 Definitions

Having established the importance of catalysis in enabling life processes and of catalytic technology to
the functioning of society, we have set the stage for discussion of the fundamentals of catalytic chemistry
and physics.

Catalysts and catalysis. A catalyst, in simplest terms, is a material that enhances the rate and selectivity
of a chemical reaction and in the process is cyclically regenerated. Heterogeneous catalysis is the process
whereby reactants adsorb onto the surface of a solid catalyst, are activated by chemical interaction with the
catalyst surface, and are rapidly and selectively transformed to adsorbed products, which desorb from the
catalyst surface. Once the product is desorbed from its surface the catalyst momentarily returns to its original
state until additional reactants adsorb, repeating the catalytic cycle. These interactions provide a chemical
shortcut in which reactants are converted to products more rapidly and at much milder conditions than if no
surface interactions occurred. A catalyst has been likened (Mills, 1994) to a mountain guide, who directs a
group of people (molecules) over a highly favorable mountain pass (low activation energy path) to a selected
valley (of products) and returns unchanged to guide additional groups.

The second aspect of our definition indicates that reactants can be directed down a certain chemical
transformation path to generate a specific product. In this respect, the catalyst provides selectivity or
specificity. It is these two important functions, enhancing rate and directing reactants to specific products,
which explain catalysts’ major role in the environmental, petroleum, chemical, and energy industries.

Examples of catalysis. Automobile emissions control provides an interesting example of how rate
enhancement by a catalyst is put to useful practice. The internal combustion engine in automobiles combusts
a gasoline/air mixture to generate heat that is converted to mechanical work in the engine. The combustion
process, however, is stoichiometrically less than 100% efficient; that is, undesirable by-products such as
carbon monoxide (CO) and unburned hydrocarbons (HC) are produced in addition to CO, and H,O.

Hydrocarbons + O, - CO, + H,O + CO + HC + Heat (1.1)

At the moderately high temperatures and high flow rates typical of auto exhausts there is insufficient
time for CO and HC to react further in the gas phase with available O, to CO, and H,O before they exit the
tailpipe. However, placing a suitable catalyst in the exhaust manifold allows these reactions to occur within
the limited residence time and at the moderate reaction conditions of the catalytic converter. Thus the
catalyst provides a more rapid alternative chemical path leading to the destruction of would-be pollutants.

Another consequence of combustion processes is the generation of nitrogen oxides or NOy (NO, NO, and
N,O) from either the oxidation of nitrogen compounds in the fuel or the oxidation of nitrogen in air at
temperatures in excess of about 1400°C. These undesirable pollutants can be converted catalytically to N, in
a reducing environment (e.g. automotive exhausts) by reduction with either CO or hydrocarbons or in an
oxidizing environment (e.g. the flue gas of a power plant) by selective catalytic reduction with NH;. Either
process demonstrates the selectivity of the catalyst in directing the CO or HC to CO,, and NO or NO; to N,
at appreciable reaction rates under relatively mild reaction conditions.

The reactions cited above illustrate applications of catalysts in enhancing conversion of undesirable
pollutants to desired products. These catalytic processes are already practiced widely on a commercial scale,
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for example, in the form of automotive catalytic converters now used on most automobiles and in large
emission control devices at power plants throughout the world. This topic of catalytic emissions control will
be more completely developed in subsequent chapters (Chapters 10 and 11).

Effects of catalysis on activation energy and reaction rate. The concept of catalysis can be developed
further by describing its effects on a simple redox reaction, the oxidation of ferrous ion with ceric ion, which
occurs in the absence of a catalyst at a very slow rate.

Fe*™ + Ce™ —(slow)—> Fe’ +Ce’ (1.2)

When this reaction is carrled out in aqueous solutlon waters of coordination are attached to each ion. For
reaction to occur, the Fe*" must interact with the Ce* " through the coordinated water molecules and transfer
an electron. For simplicity, we w111 Jgnore the coordinated H,O. During this transfer reaction, an activated
state composed of a Fe’ and Ce’* complex exists. The dissociation of this complex leads to the final
product.

It has been observed that this reaction can occur appreciably faster by adding a small amount of Mn**
from a suitable water-soluble salt. The Mn*" acts as a homogeneous catalyst in that it ex1sts 1n the same
phase as the reactants and prov1des a chemical shortcut for electron exchange Instead of Fe* forming a
complex intermediate w1th Ce*" and transferrlng an electron, two Fe ions transfer an electron each to the
Mn* " producing two Fe and one Mn Subsequently, the Mn®" interacts with two Ce*" and donates an
electron to each two Ce” " producing Mn*" and 2Ce*". The net reaction can be written:

2 Fe*" + Mn*" —(fast)—> 2 Fe*™ + Mn?" (1.3)

Mn®"+2 Ce*" —(fast) > Mn*" +2 Ce’* (1.4)

Adding these reactions results in the cancellatlon of the Mn ions and yields reaction 1.2. Since Mn ions
participate in the rapid conversion of Fe*" and Ce*" to their respective products while being cyclically
regenerated, our simple definition of a catalyst is satisfied.

The role of a catalyst in reducing the energy barrier or activation energy (and thus enhancing the rate)
necessary for electron exchange between the reactants and products is illustrated in the potential energy
diagram in Figure 1.3; reduction of E, (a purely kinetic quantity) increases rate dramatically because (as
will be shown later) rate increases exponentially with decreasing E,.. The catalyst lowers the activation
barrier by providing a surface or site for adsorption and dissociation of the reactants, in which they are more
readily transformed to products. The energy difference between reactants and products (Figure 1.3) is the
heat of reaction or negative AH, (change in enthalpy), a purely thermodynamic quantity (which in Figure 1.3
happens to be positive since the reaction is exothermic).

It is important to recognize that both the enthalpy and free energy are unaffected by the presence of the
catalyst; that is, the catalyst does not change the energetics of the initial and final states, but only increases
the rate of their attainment. In other words, a catalyst cannot make a thermodynamically unfavorable reaction
occur, but it does increase the rate of approach to the equilibrium state. Thus AH and AG (and consequently
the equilibrium constant K) are not altered by the presence of a catalyst.

The rate of reaction has been mentioned several times. The specific reaction rate for a stoichiometric
catalytic reaction (sometimes called activity) is formally defined as

ldn

30 & (1.5)

where Q =V, W, or S, the volume, weight, or surface area of the catalyst; v; is the stoichiometric coefficient
in the stoichiometric reaction X;v;M; = 0 involving species M; (v; is negative for reactants and positive for
products); and n; is the number of moles of species M;. For example, for the ammonia synthesis, the
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stoichiometric reaction can be written as 2NHz — N, — 3H, = 0; thus, stoichiometric coefficients for NHs, N,
and H, are 2, —1, and -3, respectively, and the specific rate for reaction based on iron catalyst surface area in
terms of hydrogen disappearance is r = (1/v;Q)(dn;/dt). For a constant volume system, »; can be couched in
terms of concentration, since C; = ny/V, or for mild conditions in terms of pressure using the ideal gas law P;
= n;RT/V. The number of moles of species i at any point in time is defined by n; = n;" + v; & where 1;° is the
number moles of species i initially present and ¢ is the extent of reaction (in moles). It can be easily shown
from this definition of »; and the definition of conversion X; = (n;° — n;)/ n;" that conversion X; = —v; & /n;".

No Catalyst

Potential
Energy

Reactants
A [
Adsorption —AH;
Reactants L
Products

Desorp. Products

Reaction Coordinate

Figure 1.3 Catalytic and noncatalytic potential energies versus reaction coordinate for an elementary reaction.

The reaction rate is generally a function of both temperature and reactant concentrations. Accordingly,
the rate equation is generally approximated as a product of a function of temperature and concentration:

r=k(T) f(C)= A exp(-Eoer / RT)TT; (G;)™ (1.6)

where &(7) is the rate constant described by the Arrhenius law

k(T) =4 exp(_Eact/RT)a

A is the pre-exponential or frequency factor, and E, is the activation energy; the frequency factor is (from
collision theory) proportional to the number of collisions, which might lead to reaction and in the case of a
catalytic reaction to the concentration of catalytic sites, while the quantity exp(—E,./R7) is the fraction of
collisions that results in reaction. Accordingly, a catalyst increases the rate and hence the rate constant by
increasing A (by providing catalytic sites) and/or decreasing the activation energy E,. (hence increasing the
fraction of collisions resulting in reaction). Note that the Arrhenius law predicts an exponential increase in
rate with increasing temperature; accordingly, the dependence of rate on temperature can possibly
overwhelm other factors, particularly where E, is large (i.e. greater than 30—50 kJ/mol) as is characteristic
of a process in which chemical bonds are broken and/or formed such as in a catalyzed surface reaction.

The concentration function f(Cj) may be expressed in its simplest form as a product summation of
reactant and possibly product molecules raised to empirically determined exponents (positive or negative
and generally decimal fractional), e.g. for thermal NO formation it is experimentally observed under certain
conditions that IT,(C)™ = (Coz)o'5 (CNz)l'O. The empirically determined exponents or ¢; values are the
reaction orders with respect to a species M; while their sum is the overall reaction order; accordingly, for NO
formation the reaction orders are 0.5 and 1.0 with respect to O, and N,, respectively, and the reaction is 1.5
order overall. Generally, reaction orders must be determined experimentally by measuring rate as a function
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of reactant concentration independently for each reactant; however, in the case of elementary steps
(discussed in the next section) reaction orders may be predicted. For example, for a bimolecular elementary
step A + B — C, the rate is proportional to the concentration of each species A and B; hence, the reaction is
first-order in each kind of molecule and overall second-order.

Elementary steps, active sites and active centers. Consider catalytic CO oxidation. Gaseous CO and
O, interact with a solid catalyst, e.g. Pt, and rapidly convert to CO,. This is a heterogeneous catalytic
reaction since the catalyst is a solid and the reactants are gases. The overall stoichiometric reaction can be
simply written as

CO+1/20,— CO, (1.7)
Mechanistically, however, the reaction can be broken down into a number of simple or elementary steps,

each of which occurs as written at the molecular level and which cannot be further simplified. The following
is one of several possible mechanistic sequences:

CO(g) + Pt > CO-Pt, (quasi-equil) (1.8)
O,(g) + 2 Pty > 2 O-Pt, (quasi-equil) (1.9)
CO-Pt, + O-Pt; - CO,-Pt;, + Pt (slow, irrev., rds) (1.10)
CO,-Pty - CO»(g) + Ptg (fast, irrev.) (1.11)

where CO(g) denotes gas phase CO; Pt is a surface Pt atom or active site for reaction; Ptg, Pt;-O, Pt,-CO,
and Pt;-CO, are short-lived intermediates on the catalyst surface called active centers.

This sequence illustrates the complexity of the catalytic surface reactions operating in the simple
conversion of CO to CO,. First, CO is chemisorbed onto a Pt atom (or active site) rapidly, reversibly, and at
near equilibrium or quasi-equilibrium (as denoted by the double arrow). This and all chemisorption reactions
are exothermic, since both AG and AS are negative, that is, chemisorption occurs spontaneously and with an
increase in the ordering of the phase molecules as they adsorb. Similarly, diatomic O, chemisorbs
dissociatively, rapidly, reversibly, and in quasi-equilibrium on two Pt surface sites forming two chemisorbed
O atoms. Chemisorbed CO and O (CO-Pt; and O-Pt;) then react relatively slowly and essentially irreversibly
(denoted by single arrow) in step 1.10 forming chemisorbed CO, (CO,-Pt;), which subsequently desorbs
rapidly but essentially irreversibly (step 1.11) into the gas phase. Experimental studies have shown that
under certain reaction conditions the slow or rate determining step (rds) is the reaction between adsorbed CO
and O (step 1.10), and thus this reaction controls the overall reaction rate. In other words, the overall reaction
rate involving gaseous CO and O, to CO, can be no faster than the rate of the slowest step, in this case, the
reaction between adsorbed species. In the absence of a catalyst, O, decomposition is the rate-limiting step,
and the thermal reaction becomes important at about 500°C. The presence of Pt, however, decreases the
activation energy for the O, dissociation reaction allowing complete oxidation to occur at 200-250°C.

What has been described above is the chemical surface reactions involved in a catalytic process. Physical
processes such as mass transfer define the flow of gases or liquids to the active catalytic sites and play a
critical role in overall reaction kinetics. They are discussed in Section 1.3.3 below.

Finally, a catalyst influences selectivity, i.e. the ratio of rates (r;/r;), for competing reactions by
preferentially increasing the rate at which the desired rate determining step (rds) and hence the desired
stoichiometric reaction proceeds relative to another rds and stoichiometric reaction. For example, selectivity
is an important issue in NO reduction with CO or H, on noble metals in the reducing environment of
automotive three-way converters, since on Rh catalysts NO is reduced to the desired product, N,, but on Pt
catalysts to another pollutant, ammonia. Hence, the selectivity to N is SN2 = rN2/rNH3. Accordingly, it is
critical in many different kinds of catalytic processes that the catalyst be tailored to enhance the rate of the
desired reaction.
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1.3.2 The Structure of a Supported Catalyst: Model and Reality

From our definitions of a catalyst and of specific reaction rate, it should be clear that the number of
reactant molecules converted to products in a given time interval is directly related to the number of catalytic
sites available. It is, therefore, common practice to maximize the number of active sites available to the
reactants by dispersing the catalyst species onto a support or ‘carrier’ surface. Furthermore, the larger the
support surface the more likely that the catalytic species, whether it be a metal such as Pt, Fe, or Ni; an oxide
such as CuO, PdO, or CoO; or a sulfide such as MoS, or NiS, will be present as tiny, discrete particles (or
crystallites). The smaller the crystallite, the greater its individual surface to volume ratio and hence the
greater total surface area per unit mass for a collection of small crystallites. Thus maximizing catalytic
surface area per unit mass enhances the number of sites per unit mass upon which chemisorption and
catalytic reaction can occur.

To accomplish this, most (but not all) commercial catalyst components are dispersed on high surface area
porous oxides (carriers) such as Al,Os, SiO,, or TiO,, or on high surface area carbons. These supported
catalysts are in turn fabricated into pellet forms or washcoated on monolithic substrates for use in industrial
reactors. The preparation and properties of supported catalysts and the influence of supports on catalytic
reactions are discussed in Chapter 2.

Supported metal systems are complex nanostructures; however, a simple ‘raisin in the sponge cake’
model, using Pt supported on alumina (Pt/Al,03) as an example, provides some insights into the nature of
this structure. Figure 1.4a shows an enlarged, idealized schematic of a porous Al,O3 particle composed of
relatively straight interconnecting pores of two different size ranges, namely, mesopores having diameters in
the range of 5-12 nm and macropores with diameters of 50-500 nm. Pt crystallites of 1-5 nm are shown to
be distributed along the surface of these pores. Most of the support surface area and most Pt crystallites with
their attendant active metal sites are found in the mesopores, while the macropore network provides a
relatively accessible path for reactants to diffuse from the outer surface of the catalyst pellet to the
mesopores and finally to the metal crystallite surfaces. The mesoporous network with its associated high
surface area, tortuosity, and interaction with metal crystallites also provides a medium for preparing well-
dispersed, small crystallites of metal and maintaining their high metal surface area by preventing migration
and agglomeration at high reaction temperatures.

(10 nm) o

macro-pores o
(100-200 nm) —> = Y

=
Figure 1.4 (a) Schematic model of platinum metal crystallites supported on y-alumina. (b) Transmission electron
micrograph of a real Pt/alumina catalyst (bar represents 20 nm).
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The pore and crystallite dimensions mentioned here are typical of commercial Pt/)~Al,O; catalysts;
however, the porous j~Al,O; in a real catalyst (Figure 1.4b) is composed of numerous interconnecting pores
of less uniform diameter and greater tortuosity (curvature of the pore paths) than illustrated in Figure 1.4a. In
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fact, the structure of each real supported catalyst at this scale is best described as a fractal, each catalytic
phase/support combination having its own unique structure.

1.3.3 Steps in a Heterogeneous Catalytic Reaction

To maximize reaction rates on a porous catalyst, it is essential to maximize accessibility of all reactants
to the active catalytic sites, which are dispersed throughout the internal pore structure of the catalyst.
Imagine gas A flowing through a bed of a heterogeneous catalyst and reacting on the catalyst surface to form
a gaseous species B. In order for A to convert at any appreciable rate to product B, the following physical
and chemical steps (shown schematically in Figure 1.5) must occur:

1. Film mass transfer of the reactant A, i.e. bulk diffusion of A through the stagnant gas film or
boundary layer surrounding the catalyst particle to the external catalyst surface.

2. Diffusion of species A (by either bulk or molecular (Knudsen) diffusion) through the porous network
of the catalyst to the catalytic surface.

Adsorption of A onto the catalyst surface.

Reaction of A to B on catalytic sites on the catalyst surface.
Desorption of the product B molecules from the surface.

Diffusion of species B through the porous network to the pore mouth.

Film mass transfer of product B, i.e. bulk diffusion of B from the external catalyst surface through the
stagnant gas film to the bulk gas stream.

N n kAW

Packed catalyst bed (Catalyst pellet Catalyst surface

3
6

Catalyst sites

NA

000000 00|

¢\
pores”
Gas Fil crystallite
GasFilm  ____ __ _ —_— O

- N\ External film

6| Internal pore
diffusion

£/
A+ B
Catalytic surface

Figure 1.5 Steps in a heterogeneous catalytic reaction A — B in a porous, supported catalyst (adapted from Fogler,
1999; courtesy of Prentice Hall).

Steps 1, 2, 6, and 7 are diffusional processes having small (T ZorT 3/2) dependences on temperature.

Steps 3, 4, and 5, however, are chemical processes with large temperature dependences, i.e. activation
energies of 20-200 kJ/mol. Any of these steps can be sufficiently slow, relative to the others, that it controls
the overall rate of reaction. Given, however, that the rates of the chemical steps are exponentially dependent
on temperature and have relatively large activation energies compared to the diffusional processes, they are
generally the slow or rate-limiting processes at low reaction temperatures. But as the temperature is
increased, the rates of chemical steps with higher activation energies increase enormously relative to
diffusional processes, and hence the rate limiting process shifts from chemical to diffusional. At intermediate
reaction temperatures, the combination of pore diffusion and surface reaction inside the pores is slowest, and
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hence the temperature dependence is reduced to an average of the activation energies for chemical and
diffusional steps. Finally, at high reaction temperatures, the chemical reaction is sufficiently rapid that
reactants are converted on the exterior surfaces of the catalyst (before they can diffuse into the interior of the
catalyst); in this situation, film mass transfer (diffusion) with a temperature dependence of only T 372 (Eaet =
4-8 kJ/mol) becomes rate limiting. The decrease in activation energy with increasing temperature
corresponding to the different limiting processes is represented in Figure 1.6 in the form of an Arrhenius plot
of the apparent rate constant. Since according to the Arrhenius law, kyy, = A exp(—Eqpp/RT), a plot of In(kyypp)
versus 1/T should have a slope of —E,,,/ R, where E,, is the apparent activation energy.

Eapp = Eqif

film diffusi
1 mcorlltrgilon Eapp=[EactTEqif]/2

react. &
pore dif.
In kapp Eapp:Eact

react.
control

/T

Figure 1.6 Typical temperature dependence of a catalytic reaction in the form of an Arrhenius plot for which the
slope is —Eqapp/R (app = apparent); rate controlling regimes are shown for low, intermediate and high reaction
temperatures.

1.3.4 Adsorption and Desorption

Definition of adsorption. Adsorption of reactants and desorption of products are two necessary and
sufficient chemical steps in a catalytic reaction. One of the important functions of the catalyst is to provide a
surface with partially uncoordinated sites chemically suited for adsorbing reactant molecules. Thus in
chemical terms, adsorption is the formation of chemical bonds between adsorbing species (the adsorbate)
and an adsorbing surface (adsorbent) driven by the propensity of adsorbent surface atoms to increase their
coordination numbers, (i.e. decrease their surface energy) as illustrated in Figure 1.7.

Physical and chemical adsorptions. There are two kinds of adsorptions, chemical and physical,
typically referred to as chemisorption and physisorption (see Figure 1.7b, 1.7c and Table 1.4). Physisorption
(Figure 1.7Db) is the relatively weak, nonselective condensation of gaseous molecules on a solid at relatively
low temperatures (i.e. —200 to —25°C); the attractive forces between adsorbate and adsorbent involve Van
der Waals forces, atomic distances typical of a Van der Waals layer, and heats of adsorption less than about
15-20 kJ/mol. Chemisorption, by contrast, is the relatively strong, selective adsorption of chemically
reactive gases on available sites of metal or metal oxide surfaces at relatively higher temperatures (i.e. 25—
400°C); the adsorbate-adsorbent interaction involves formation of chemical bonds and heats of
chemisorption on the order of 50-300 kJ/mol. Observed differences between these two adsorption processes
are summarized in Table 1.4.

Chemisorption of a reactive diatomic or polyatomic molecule commonly occurs via the physically
adsorbed precursor state shown in Figure 1.7b followed by dissociation to reactive atomic species (see
Figure 1.7¢). Dissociation is favorable where the energy gain due to interactions of atoms from the molecule
with metal atoms exceeds the binding energy of the atoms in the molecule.
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Figure 1.7 Schematic illustration of adsorption on a surface.
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Table 1.4 Physical versus Chemical Adsorption

unsaturated surface bonds

saturated chemical
bonds for atoms
in bulk phase

(¢) Chemical Adsorption

19

Parameter Physical adsorption Chemisorption
Adsorbent all solids some solids
Adsorbate all gases below critical temperature some chemically reactive gases

Temperature range

Heat of adsorption

Rate, activation energy
Function of pressure
Coverage

Desorption

Reversibility
Importance

low-temperature, = b.p. of adsorbate

low (: —AH, condensation)
—AH <20 kJ/mol

very rapid, non-activated
strong

multilayer, nonspecific

easy in vacuum or purge gas

highly reversible

for determination of surface area and pore

size

generally high-temperature > b.p. of adsorbate

high: order of heat of reaction

—AH = 50-300 kJ/mol

sometimes slow, usually activated

weak
monolayer, specific

E, for desorption > 50—100 kJ/mol; occurs only

at high temperatures
largely irreversible

for determination of active-surface area and
description of surface-reaction kinetics

Changes in the volume of gas adsorbed due to physisorption and chemisorption with temperature are
shown qualitatively in Figure 1.8. The volume of gas physically adsorbed is large at low temperatures and
decreases sharply with increasing temperature, while the amount adsorbed due to activated chemisorption
increases through a maximum at moderate temperatures and decreases at higher temperatures as the rate of
desorption exceeds the rate of adsorption.
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Figure 1.8 Volume of gas adsorbed during activated physisorption, chemisorption, and the total of both physisorption
and chemisorption as a function of temperature.

Adsorption isotherms. The quantity of a species adsorbed is generally characterized by an isotherm, a
plot of & versus pressure at constant temperature, where @is the fraction of surface covered with a specific
adsorbed atom or molecule. Isotherms relate surface concentration (an immeasurable) to gas phase
concentration (a measurable). Fractional coverage fis defined as the volume adsorbed per volume required
for monolayer coverage (V/V,). Generally, & = f(T, P) but 6 = f(P) at constant 7. The temperature
dependence is related to AH,4s as will be shown later.

Langmuir isotherm. The Langmuir isotherm is the simplest and most widely used form for monolayer
adsorption. It is based on the following assumptions: (1) the adsorbate is typically strongly adsorbed
(chemisorbed) in a monolayer; (2) one species is adsorbed per site (this can be adjusted if the stoichiometry
is not 1:1); (3) AH, (enthalpy of adsorption) is independent of & (coverage) which implies that sites are
energetically uniform and there are no interactions of sites and/or adsorbates; and (4) equilibrium exists
between adsorption and desorption.

The Langmuir isotherm is derived below, where

A = species adsorbed (adsorbate)

S = site on the surface (e.g. metal atom)
On = fraction covered by A

1 -84 = fraction not covered by A

Py = pressure of the gas A

ka = rate constant for adsorption

kq = rate constant for desorption

The elementary equilibrium reaction is written
A+S < A-S (1.12)

where S denotes a surface site and A-S is adsorbed A. The overall rate of adsorption is the sum of forward
and reverse rates. In terms of coverage,

r =k Pa(1—60)) — kq O (1.13)

since the rate of adsorption is directly proportional to the gas phase pressure of A (P4) and the fraction of
available sites (1 — 6a), while the rate of desorption is proportional to the coverage of A (64). Since r =0 at
equilibrium, equation 1.13 can be rewritten as

(ka / ka) Pa (1 — On) = Oa.
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Defining K as the equilibrium constant and writing the rate constants in terms of frequency factors and
activation energies from the Arrhenius law,
K=(ky/ kq) = (4, | Ag) e 1/ KT (1.14)
where AH, = E, — Eq; assuming AH, # f(6),
K Pa(1—04)=064
Solving for @
On=KPa/(1+KPp) (1.15)

Langmuir isotherms for weakly, moderately, and strongly adsorbed species A are plotted in Figure 1.9.
At low pressure the isotherm is linear, while at high pressure the volume adsorbed approaches the monolayer
volume V, or a fractional saturation coverage of one.

strong ads (large K)

. /

Vo>V,
01

high pressure

\weak ads (small K)

V=K VyPa (Henry's Law)

™ low pressure linear

Pa

Figure 1.9 Isotherms or coverage versus pressure curves for weak, moderately strong, and strong adsorption of a
species A on a surface.

Conformity to the Langmuir isotherm can be tested by plotting volume-pressure data in linear form to
obtain constants. Starting with equation 1.15,

On=V/Vn=KPx/(1+KPyp)
the numerator and denominator on opposite sides of the equation are multiplied to obtain cross products,
V+VKPx = KPp Vi
which are each divided by P, and rearranged to obtain
VIPy=-KV+KVpy, (1.16)

which has the form y = mx + b.

The data are tested by plotting /P, versus V to obtain a straight line with a slope of —K and intercept of
KV This form has the advantage of using both slope and intercept to evaluate K. Other forms, e.g. those
involving 1/P, should be avoided because the low pressure part of the isotherm is weighted too highly.

Few physical and chemical adsorption systems conform to the Langmuir equation over the entire range
but usually conform over a restricted range of &, i.e. most surfaces are not uniform. What causes Langmuir
theory to breakdown? Probably a combination of the following phenomena:
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e Surface heterogeneity, i.e. the surface consists of different exposed crystal planes and coordination
sites, e.g. edge, corner and defect sites having a wide range of binding energies (sites of lower
coordination, i.e. atoms bonded to fewer neighboring atoms, having the highest binding energies).

e Interaction of sites, i.e. (a) repulsion between adsorbed species and (b) donation of electrons from or
capture of electrons by the surface (through adsorbate-adsorbent lattice electronic interaction).

Note that site interaction is a phenomenon highly dependent upon coverage. Evidence for heterogeneity
of sites and site interaction has been provided by numerous studies showing that the heat of adsorption
decreases significantly (by 50-100%) with increasing coverage (see Figure 1.10). This phenomenon is
explained by the tendency for adsorption to occur first on the most energetic sites followed by adsorption on
less energetic sites.
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Figure 1.10 Heat of adsorption of H, on 10% Co/Al,O3 as a function of coverage from temperature programmed
desorption (Zowtiak and Bartholomew, 1983; courtesy of Academic Press).

Other forms of the Langmuir isotherm—Equation 1.15 is generally applicable to the adsorption of a
single molecular species. The Langmuir isotherm, however, can be adapted to adsorption with dissociation:

A, + 2S5 & 2A-S
Again, equating the rates of adsorption and desorption at equilibrium (» = 0):

r=kyPay(1 - 02— kq 075
(K Pa,)" (1= 60) = 0n

On = [(K Pay)"1/ [1+(K Pp,)"™ (1.17)

By a similar treatment one can derive isotherms for simultaneous competitive (nondissociative) adsorption of
A and B:

eA:(KAPA)/(l‘f'KAPA"‘KBPB) HB:(KBPB)/(1+KAPA+KBPB) (118)

In general, the isotherm for competitive adsorption of the ith species with N species (including i) can be
shown to be:
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0 =—F—— (1.19)

Multilayer isotherms and the BET isotherm model—Physical adsorption can result in multilayers.
Various types and shapes of multilayer adsorption isotherms have been observed but Type IV for
mesoporous solids (Figure 1.11) is most common. In principle, if an isotherm can be modeled and V,, can be
measured or calculated from other measurable quantities, then total surface area of any solid can be
determined.

Multilayer Region ——>]
Vopore |ooo Tl << all pores
volume) ,T\ are filled
- desorption large pores
2 are filled
o adsorption
>
S~
> Monolaver Hysteresis Region
Ay (1<r<100nm)
Region
/ very small pores
' . . filled (r<1-1.5 nm
Henry's —>t/" Linear Region ( )
Law Region || 0.05<P/P,<0.3
0.1-0.2
1.
0 P/P, 0

Figure 1.11 Full range Type IV adsorption isotherm with adsorption and desorption branches.

The model of Brunauer, Emmett, and Teller in 1938 was the first successful attempt to model multilayer
adsorption. The important assumptions for the BET theory are: (1) the same starting assumptions as
Langmuir; (2) adsorbed species in the first layer serve as sites of adsorption for the second layer; (3) the rate
of adsorption (7,) on the ith layer is equal to the rate of desorption (r4) of the (i + 1) layer; and (4) AH,q; is
the same for second and succeeding layers and equal to the heat of condensation of the gas (i.e. AH,, = AH,,
=...AH,). Based on these assumptions, the following isotherm can be derived:

=L= cx
Vin (1—x)[1+(c—1)x]

where x = P/P,, P, = vapor pressure of the adsorbing gas at a given temperature, V,, is the volume of gas
required to provide a complete monolayer and

(1.20)

AH, —AH.
€ =¢C, CXp T rRT (1.21)
where AH,, = heat of adsorption on the first layer, AH. = heat of condensation of gas, and ¢, =%
az

where a1, by, a;, and b, are the preexponentials for condensation to and evaporation from the first and second
layers, respectively. Equation 1.20 can be linearized by inverting and rearranging to
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X 1 (c—l)x

V(l—x) B cVm i cVm (1.22)

Experimentally, isotherm data versus P/P, in the form of volume adsorbed are collected at the boiling
point of the adsorbate, usually N, at —196°C. The data can be tested against this equation by plotting x/[ V(1—
x)] versus x to get a straight line with intercept 1/cV}, and slope (c—1)/cV},. To calculate surface area, the
monolayer volume is corrected to the number of moles adsorbed. Surface area is then calculated based on the
following equation:

AN

S =nnNyya (1.23)

which has units of (area/g) = (moles/g) (molecules/mole) (area/molecule) and for which N, = Avogadro’s

number, o = 16.2 x 102° m*molecule for N,. For adsorption of N, at liquid N, temperature Equation 1.23
simplifies to

S = 435Vm (m¥g) (1.24)

if Vm (cm3/g) is corrected to STP-

The full range adsorption isotherm. A full range adsorption isotherm with adsorption and desorption
branches is shown in Figure 1.11. Information that may be obtained from the curves includes: (a) surface
area, (b) pore volume, (c) pore size and distribution, and (d) pore structure. How this information is obtained
can be inferred from Figure 1.11 and Table 1.5 and is illustrated in Chapter 3. Highly detailed, rigorous

treatments of adsorption are found in books by Gregg and Sing (1982), Thomas and Thomas (1997), and
Masel (1996).

Table 1.5 Information Available from Full Range Isotherm

Region Pressure Range Information obtained

Henry’s Law Region. (Adsorptionis  P/P,<0.01 SA can be obtained if Henry’s Law constant Ay is known
a linear function of pressure.) e.g ky="VnCx 104/P0 based on BET

Monolayer Region. (Adsorption 0.05<P/P,<0.3 Uptake at “knee” is proportional to the SA.
increases only slightly and linearly SA can be estimated by extrapolating linear portion to P/P, =0
with increasing pressure.) or calculated from linear form of BET equation.

Multilayer Region or Capillary 03<P/P,<1.0 Pore volume - determined at P/P, = 1
Condensation Region. (Adsorption Pore structure can be inferred from shape of hysteresis curve.
uptake increases markedly as pores Kelvin equation can be used to determine cumulative pore
are filled; hysteresis occurs upon volume and pore size distribution—plot V" versus 7 and take
desorption due to constrictions in derivative to get dV/dr versus r.
pores.)

1.3.5 Reaction and Diffusional Resistances for a Catalytic Reaction

Physical picture and model for reaction in a porous catalyst pellet. Most industrial catalysts are
porous solids that catalyze reactions at the exterior and inside the pores of a catalyst pellet or thin catalyst
layer coated on a monolithic substrate. Imagine, for example, a gaseous reaction occurring inside a reactor
containing spherical pellets; gas flows into the reactor and around each of the pellets (see Figure 1.5). In
order for reactant molecules to reach the catalyst surface, they must diffuse (1) through the stagnant gas film
surrounding each pellet and (2) inside the pores of the catalyst (since most of the active catalytic sites are in
the interior of the catalyst pores).

A section of the catalyst pellet containing a single ideal pore can be used in modeling the catalytic
reaction process (see Figure 1.12). In this simple Wheeler/Levenspiel model, molecules of a reactant A
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diffuse from the flowing bulk gas phase through the stagnant gas film surrounding the pellet where they can
react either at the exterior of the pellet or diffuse inside the pore and react on the interior surface of the pore.
As molecules of A are converted at the external surface and inside the pore, there is a drop in concentration
first through the gas film and then further along the pore (see Figure 1.12).

The electrical analog of the reaction process is shown schematically in Figure 1.12. In the view of the
overall reaction process, each reaction or diffusion step can be considered to be a resistance to surface
reaction. The resistances for diffusion through the gas film and reaction (either at the external surface or
internal surface) are in series; however, the resistances for external surface reaction and internal
diffusion/reaction are in parallel. We will use this information at a later point to derive the overall rate
expression for the catalytic process in terms of each of the individual resistances. First, however, it is
expedient that we derive individually the rate expressions for (1) film mass transfer, (2) external surface
reaction, and (3) internal surface reaction (which accounts for internal pore diffusion) assuming an
irreversible, first-order reaction.

@ —>| Gas film %‘

| Section of catalyst pellet
| / containing one ideal pore
A~~~

l > Exterior surface of catalyst pellet

(b) I I

large ¢p0re

Concentration of reactant

Distance into pore

I . .

(c) | For reaction occurring Resistance to
| ( within catalyst pellet ( diffusion in pores
I

| ~ %
| Z
I
7
Resistances for surface reaction

For reaction occurring on exterior
surface of catalyst pellet

Resistance of

|( gas film
I

Figure 1.12 Simplified single-pore model for diffusion and catalytic reaction in a porous catalyst (adapted from
Levenspiel, 1999; courtesy of John Wiley & Sons).
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Individual rates for film mass transfer, external surface reaction, and internal surface reaction
with pore diffusion.

Film mass transfer—From Fick’s first law we can define the mass transfer flux N, of a species A
across an interface as

Na = ~(1/8e0)(dna/ds) = D (dC/dx) = k. (Cy—Cy) (1.25)

where the flux or rate of mass transfer (N,) has units of moles/area-time, S,y is the surface area of the
interface (or in the case of a pellet, the external geometric surface area), na is the number of moles of A, C
the concentration of A, Cj, the concentration of A in the bulk fluid phase, Cs the concentration at the surface
of the catalyst pellet, D the diffusivity of A in the fluid, and k. the mass transfer coefficient (an effective
diffusivity per unit film thickness) having units of cm’/s. Note that the A subscripts have been omitted from
Cy and C; for convenience. Recouching the rate of mass transfer in a pellet 1, in terms of the moles
transferred per unit mass of catalyst

ry= ke am (Cy—Cy) (1.26)

for which a,, = Sex/W, 1.e. specific area/mass of the catalyst pellet in cm?/ eat-

Rate of reaction at the exterior surface—For an irreversible, first-order reaction, the rate of
disappearance of species A at the exterior surface is simply defined as

—(1/Se)(dnaldt) = kC, (1.27)

where k = the first-order reaction rate constant. Expressing the reaction rate in terms of the overall rate of
disappearance of A at the exterior surface of the pellet per mass of catalyst gives

rp= kayCs. (1.28)

Rate of reaction at the interior surface—Again, for an irreversible, first-order reaction, the rate of
disappearance of species A at the interior surface is simply defined as

—(1Sip)(dnaldt) =k Cs 1y (1.29)

where S, = the interior catalytic surface area of the pores and 7 is the effectiveness factor (the ratio of actual
reaction rate in the pellet to the rate with no drop in concentration due to pore diffusional resistance). Again,
couching the reaction rate in terms of the overall rate of disappearance of A at the interior surface of the
pellet per mass of catalyst based on exterior surface area

Fp= k (Sin/Sex) am Cs 17 (1.30)

From a steady-state material balance on the single pore shown in Figure 1.12a, which takes into account
diffusional fluxes and reaction on the interior surface, it can be shown (Levenspiel, 1972) that the drop in

concentration through the pore is
X
cosh 1-—
CA |:¢p0re ( I jj|

= (1.31)
Ca, cosh @pore

where @, is the Thiele modulus for the pore defined by @hore = L(kpp/Deff)1/2 where D is the effective
diffusivity, p, is the density of the catalyst pellet, and L is the length of the pore; note that the Thiele
modulus is proportional to pore length (and thus pellet diameter) and is a function of the ratio of the rate
constant to the diffusivity; thus it is large at high reaction temperatures for which the rate constant is large
relative to the diffusivity. For small values of @or (i.€. less than 0.4) the drop in concentration through the
pore is small while for large @yore the drop is large (see Figure 1.12b).
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For a first-order reaction the definition of the effectiveness factor can be simplified to 7 = (Ca)aye/Cas-
Evaluating this ratio from Equation 1.31 leads to the following relationship for a single pore

n= (CA)ave/ CAS = (tanh ¢pore) / ¢p0re (132)

which enables calculation of the effectiveness factor in terms of the Thiele modulus, which in turn can be
calculated if values of L, D,y and k are known. A plot of 7 versus ¢ for several geometries in Figure 1.13
shows that at values of ¢ below 0.4, 77 1s near unity, while at values of ¢ greater than about 4, = 1/¢ and
thus 7 decreases rapidly with increasing @; in other words, at large values of @, 7 is inversely proportional to
@, to L, and thus to pellet diameter.

While the equations above for 77 and ¢ . were derived for the simplified case of first-order reaction and
a single pore, they are in general approximately valid for other reaction orders and geometries if L is defined
as V,/S,, the volume to surface ratio of the catalyst particle; hence L = z/2, /2, and r¢/3, respectively, for a
flat plate of thickness z, a cylinder of radius 7., and a sphere of radius rg; the general applicability of these
relationships to different geometries is also evident from Figure 1.13.

\N<N=1/¢

10 N T T T T T T T T T T 171 ]
_N o . N N strong pore -
r No resistanceito SE iffusi ]
0.5|-pore diffusion  flat — N ?églsltséﬁge |
=1 plate —
0.4 <—  cylinder N\ Ta=(CA/L)(KDcg/p,)!?
031 -t1a=k Ca h j X -
n . sphere . and
0ok for all sizes of X 1
| particles TATKCAN(Y) TA%Gize
0.1F Z
005 i | | | L | | | I | X

0.1 0203 05 1 2 345 10 20
¢ = L(kp,/Degr)!/?
Figure 1.13 Effectiveness factor 7 (fraction of internal surface available for reaction) versus Thiele modulus ¢ for

catalyst particles of different geometries.

Derivation of the overall reaction rate from reaction and diffusional resistances; limiting cases.
Recalling from Figure 1.12c¢ that surface reaction processes on exterior and interior surfaces occur in
parallel, we can derive the overall rate of reaction in the pellet by adding equations 1.28 and 1.30 to get

I'p = k (Sin/Sex) am Cs 1 + k ay Cs = k ay Cs (1 + (Sin/Sex) ) (1.33)

In order for the mass of A to be conserved, the rate of mass transfer of A to the pellet surface must be equal
to the overall rate of reaction in the pellet at steady-state, i.e. film mass transfer and reaction resistances are
in series (see Figure 1.12¢). Accordingly, from equations 1.26 and 1.33,

ke am (Co=Cs) = k am Cs [1 + (Sin/Sex) 7] (1.34)
Solving Equation 1.34 for the unknown surface concentration Cy
Cs= (ke Co) / [he + k (1 + (Sin/Sex) )] (1.35)

Substituting for the value of C from Equation 1.35 into Equation 1.33 to eliminate Cj
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rp= [k am (1 + Sin/Sex 1) keCol / [ke + k (1 + (Sin/Sex) )] (1.36)

and dividing top and bottom by k k. (1 + Si/Sex 77) leads to a rate expression in terms of the known
concentration C, as well as rate constants and surface areas that can be determined experimentally
amC
Ty = m=b (1.37)

1 1
—+

ke k (1 + Sin. 77]
Sex
in which the terms 1/k. and 1/[k (1 + S;,/Sex 77)] are film mass transfer and reaction resistances, respectively.

Since the interior surface area Sj, greatly exceeds exterior surface area S., in most catalysts, Equation 1.37
can be simplified:

= —lamcﬁ (1.38)
—+
kc k”77

where k" = k (Sin/Sex). Values of £ and k. can be obtained experimentally. Moreover, values of k. can be
calculated from mass-transfer correlations (Smith, 1984; Hines and Maddox, 1985; Fogler, 1998) (see
Example 1.1).

At low reaction temperatures, the rate constant k is generally small relative to the mass transfer
coefficient k., and thus the 1/k; term in the denominator of Equation 1.38 is relatively small compared to the
reaction resistance term, and Equation 1.38 simplifies to 7, = k (Sin/Sex) amCyp 77, the rate of interior surface
reaction (same as Equation 1.30 assuming Cy, = C). Therefore in this case, the rate of reaction from Equation
1.38 is dominated by surface reaction terms, the surface reaction rate is the slow step, and we say that the
surface reaction is controlling. Moreover, under these conditions, the Thiele modulus is small (since £ is
small relative to Degr) and thus 7 is unity. In this case, the diffusion processes are fast relative to the reaction
process, and the concentration profiles across the film and inside the pore are flat, i.e. the concentration is
everywhere the same as in the bulk stream (equal to Cy); this case of surface reaction rate control is
illustrated in Figure 1.14a.

Ch film pellet Ch film pellet
(@) (b)
C . C
Surface-reaction Mass-transfer
controlled controlled
0 L 0 L
Length x Length x

Figure 1.14 Concentration profiles across the gas film and catalyst particle for (a) surface reaction control and (b)
film mass transfer control.

At high reaction temperatures, k becomes large relative to k. because of the much higher activation
energy for reaction relative to diffusion. Accordingly, the reaction resistance term in Equation 1.38 becomes
small relative to 1/k., and Equation 1.38 reduces to the rate of film mass transfer, i.e. 7, = apm k. Gy, (same as
Equation 1.26 assuming C;=0); thus, film mass transfer is the rate controlling process (slow relative to
reaction). In this case, the surface reaction is sufficiently fast and the Thiele modulus sufficiently large that
surface reaction on the exterior surface dominates; in fact, the reaction is sufficiently rapid relative to the rate
of diffusion across the film that the concentration at the surface of the catalyst solid is reduced several orders
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of magnitude relative to the bulk concentration C, (see Figure 1.14b). Thus surface reaction rate controlling
and film mass transfer controlling are the limiting cases for reaction and mass transfer. The reader is
cautioned that the situation of strong pore diffusional resistance (slow pore diffusion rate) coupled with rapid
surface reaction in the interior of the catalyst is not a limiting but rather an intermediate case, despite some
statements in the literature and even in textbooks to the contrary.

It is important in conducting experimental measurements of rate to be able to recognize which resistances
(i.e. surface reaction, film mass transfer, pore diffusion, etc.) contribute to the overall rate; moreover, in the
collection of specific activity and kinetic data all resistances other than the surface reaction resistance should
be minimized. In calculating/modeling reaction rate it is important to include all applicable resistances in the
rate expression as in Equation 1.38 (assuming isothermal reaction).

In the case of a first-order reaction we can experimentally determine if film mass transfer is important for
a first-order reaction by comparing 1/k. with 1/k" (Equation 1.38) as illustrated in Example 1.1 below. A
more general approach (for any reaction order) is to compare the observed rate with the rate of mass transfer
calculated from an appropriate correlation (Davis and Davis, 2003).

The influence of pore diffusional resistance can be experimentally determined by: (1) comparing the
observed activation energy with that determined or reported under surface reaction controlled conditions; (2)
measuring rate as a function of catalyst particle size, recalling that in the case of strong pore diffusional
resistance, rate is inversely proportional to L or catalyst particle size (see Figure 1.13); (3) given a value of £,
calculating the Thiele modulus ¢= L(kp/De)o'5 and noting that ¢ < 0.4 implies negligible pore diffusional
resistance; and (4) given an experimental value of overall reaction rate, calculating the Weisz (or Weisz-
Prater) modulus robs(Lz)/(DeC 'as), Which for negligible pore diffusional resistance is less than 1/n where #n is
the overall reaction order.

The processes of checking for and including in the rate expression influences of pore diffusion and mass
transfer on reaction rate are shown schematically in Figure 1.15 (parts a and b).

(a) Film Heat/Mass Transfer Logic Diagram

ild:
low rxn T, low X,

severe:
high rxn T, high X5

=

Reaction conditions:

mild or severe? )
low Re => large AXfjim neither exo or endo rxn

high Re => small A

very high rxn rate endo or exo rxn AT,AC=0

ACfiim or ATfjjm Ts=Tp, Cs=Cp
Ty <Tsor tp (surf. rxn) = rp(mt)
rp(rxn) > ry(mt) Ty > Ty rp,=kap Ca,
L1, (-AH,)
_—p v
AT = h

rp, =keay, Ca T
’ T ° CAs:CAbTZ




30 FUNDAMENTALS OF INDUSTRIAL CATALYTIC PROCESSES

(b) Pore Diffusion Logic Diagram (adapted from Fletcher, 2003)

What am I given?

Y \
Use ¢ Use My
-1
g=1L o+ VkppCls My =122 ;’ 1 (ppp/Cats)
2D, D,
¢<0.4¢>4 Mw<0.15 My < 4
Y Y Y s
n=1 Fig. 1.13 1 n=1 Chart 1
or n= ) =M
: w
Eqn. 1.32 (Levenspiel, 1999)

Figure 1.15 Influences of mass transfer on reaction rate (Xs = conversion of A, Mw = Wiesz modulus, Re =
Reynolds number, mt = mass transfer, 7, = bulk gas temperature, 75 = surface temperature, h = heat transfer
coefficient).

Finally, it should be emphasized that industrial reactions are generally run at relatively high reaction
temperatures;, hence some are film-mass-transfer controlled, and many are characterized by steep
concentration gradients into the catalyst particle or layer, i.e. by a large pore diffusional resistance. In those
involving exothermic or endothermic reactions a temperature gradient across the film is common. One of the
problems in Chapter 8 treats this issue. This reality has important implications for the design of catalysts and
catalyst profiles and is addressed in Chapter 2 dealing with catalyst preparation, materials, and properties.

The above treatment of film mass transfer, pore diffusional resistance, and reaction resistance is a simple
introduction to the subject and adequate for guiding the reader through the remaining subjects in this book.
The reader, however, should be cautioned that this simplified treatment has several limitations; for example,
it is valid only for isothermal film and catalyst pellet. Indeed, the effects of temperature gradients across the
film or pellet and of heat transfer on reaction rate are not treated, although heat effects are not difficult to
treat since heat and mass transfer are analogous processes for which very similar equations are applicable
(note the simple equation for ATy, in Figure 1.15a). Moreover, calculations of bulk diffusivity Dag,
combined diffusivity D (which includes bulk and Knudson diffusivities), and effective diffusivity De¢r are not
addressed. More detailed treatments of these issues can be found in textbooks by Smith (1981), Levenspiel
(1999), Fogler (1999), and Davis and Davis (2003).

Example 1.1: Role of film mass transfer in complete oxidation of benzene.

An off-gas from a chemical process contains 200 ppm benzene in air. State regulations require removal
to less than 1 ppm. Given the catalyst properties, process data, and assumptions listed below, estimate by
calculation:

(a) the film mass transfer coefficient &, [defined by 7, = keam(Pa,—Pa];
(b) the percentage resistance to film mass transfer.



Chapter 1: Introduction and Fundamental Catalytic Phenomena 31

Catalyst properties Process conditions
Catalyst = 1% Pt/SiO, T=450°C; P=1.1 atm
pp=1.6 g/cm3 F, (molar flow rate) = 4.2 kmol/min
ep,=0.42 dreactor (diameter) = 20 cm
d, = 0.35 cm (assume spherical pellets) Sc =2.04

Re dpG _ dpGm(M)

H H

Catalyst has egg shell distribution = Ui (450°C) =3.45 % 10 g/cm-s
of Pt and it is assumed # = 1. M = molecular weight of air

(a) The following mass transfer correlation is reported for packed beds for Re = 10-10,000 (Dwivedi

and Upadhyay, 1977).
g = 0.455 Gm (1.39)
£y, Re0407 | p §.2/3

. 2 . . .
where G, = molar flux in moles/s-cm~; P = pressure in atm; &, = bulk void fraction.

42 x 103 mOI(l minj |
G = min 260 S ) _ g3 MO
7 (10 cm) cm?-s
mol g
0.35 0.223 290 =
Re— dpGm (M) _ ( cm)( cmz-sj( molj _ 6560
7 (3.45 x 10* g/em-s)
mol
0.455 0.223 cm2-s , mol
g~ 0.407 75 |= 3.82 x 10°
(0.42)(6560) " | (1.1 atm)(2.04) = —atm-s

(b) We need to compare 1/k; and 1/k (same units). From Bernard and Mitchell (1968) the rate expression
is second-order, i.e. r = k Ko, K Po, Pp and Ej,; = 22 kcal/mol; however, since Po, is large and
approximately constant the rate expression becomes » = k| Py , i.e. pseudo first-order, where

mol

kl =kK02KBP02, k=578 x IO_SE, K02: 143/atm, KB: 165/atm

at 267°C (540 K) k; = 5.78 x 10 m_"l(l mmj(l"wj(msj(o.ﬂatm)(l.l): 5.40 x 105 10l
min\ 60s )\ atm /\ atm atm-s

at 450°C (723 K) using the Arrhenius law, k = Ae"PRT, &, (723) = k;(540) exp[—22,000( ! ! ﬂ

1.98 (723 540
= (5.40 x 10%) exp|1.11 x 104 723-540
723(540)
_ 98 x 103 Mol

atm-s
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From Equation 1.38 and assuming # = 1

% resistance to film mass transfer

kg k1

1
_ 100(3.82“0-3] _100(9.8)

- ( 1 .\ 1 ) ~ (3.82 + 9.8)

3.82 x 1073 9.8 x 103

= 72%

Example 1.2: Pore diffusional resistance for SCR solid monolith catalyst.

Selective catalytic reduction (SCR) of NO, is an important, effective process for reducing NOy emissions
from electric power plants (see Ch. 11). Wong and Nobe (1984) have reported first-order reaction
kinetics, i.e. 1, = k Cno for a 5% V,05/TiO, catalyst. Nackos et al. (2004) have observed a first-order
rate constant of 0.566 cm3/gcat—s at 226°C (499 K) and an activation energy of 109 kJ/mole for a
commercially representative 1% V,05/9% WO5/TiO, catalyst.

Calculate the effectiveness factor and reaction rate at the inlet to a commercial SCR unit containing an
extruded cellular monolith consisting of 1% V,05/9% WO3/Ti0, with a channel wall thickness of 1.35
mm and open frontal area of 64% under typical commercial operating inlet conditions of 400 ppm NO,
350°C, and 1 atm. Assume catalyst in the square monolith walls can be treated as a flat plate. Additional
data: p, = 1.48; D, = 0.070 cm’/s. Also, assume film mass transfer resistance is negligible.

Equations for calculating effectiveness factor:

_ tanh ¢ 132
n p (1.32)

_ (Veat) [k
¢ = (Sexj D, (1.40)

Veat = LW T = - (T’ = thickness; factor of 2 accounts for each wall having 2 sides.)
Se | 2(LxW) 2

(a) Calculation of ¢ and n :

Eact 1 1
ko3 = kago € — =106 cm3/gcat-s
623 499 €XP {{ R (623 499}}} Zcat

(T Pr )
/ (2J [k“De) -
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¢ —
(b) Calculation of reaction rate:
r=k Cno 7

Cno = | £2NO ] — 7.8 « 10 mol/em?
81T

r=k Cno n7=2.58 x 107 mol/gcat-s

1.3.6 Kinetics of Catalytic Surface Reactions

Introduction. In a previous section (1.3.3) we introduced the seven important steps that occur in a
heterogeneous, catalyzed surface reaction: (1 and 2) diffusion of reactants from the bulk gas phase through
the fluid film surrounding the catalyst particle and through the pores of the catalyst to the surface, (3)
adsorption of reactants on the surface, (4) reaction on the surface, (5) desorption of products from the
surface, and (6 and 7) diffusion of products through the pores and gas film to the bulk gas. If now the surface
chemical processes are assumed to be rate controlling (and we will assume this for the remainder of this
section), the rates of the diffusional processes (Steps 1, 2, 6, and 7) will be high enough that they will not
affect the rate of reaction; hence we only need to consider the rates of adsorption, reaction, and desorption
processes (Steps 4, 5 and 6) to determine the overall rate. How do we do this? We will demonstrate how
three kinetic tools can be used to determine an overall rate expression in terms of measurable quantities: (1)
the rate determining step approximation, (2) the concept of a fixed number of active centers for a solid
catalyst, and (3) the steady-state approximation.

Unimolecular surface reactions. Consider, for example, a simple unimolecular rearrangement of a gas
A to gas B catalyzed by a solid catalyst, e.g. the isomerization of methylcyclopentane to cyclohexane:

A(g) = B(g) (1.41)

Is this an elementary step? No, because adsorption of A on the catalyst and desorption of B from the
catalyst must occur in order for the surface reaction to take place. Thus the overall reaction consists of three
elementary steps in a series, namely, adsorption of A, surface reaction of A to B, and desorption of B. The
adsorption process can be represented by a reversible elementary reaction involving the formation of a
chemical bond between the reactant species A and a surface site S (reaction 1.42). This chemisorbed species
transforms reversibly on the surface to adsorbed B; these chemisorbed species are designated A-S and B-S
(reaction 1.43). Desorption involves the reversible breaking of the bond between the product species B and a
surface site S (reaction 1.44).

A+S < A-S forward and reverse constants kj and £ (1.42)
A—-S < B-S forward and reverse constants k; and & , (1.43)
B—-S < B+ S forward and reverse constants k3 and k 3 (1.44)

Since these steps occur in a series, the slowest or rate determining step (rds) will determine the overall
reaction rate. Let’s consider the overall form of the rate expression if the rds is (a) the surface reaction, (b)
adsorption of A, and (c) desorption of B; we will also consider the general case for which all three steps are
co-rate determining.
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Reaction controls—For this case, reaction 1.43 is assumed to be the rate determining step (rds) and
irreversible (at low conversions); hence, it is the slowest step and its rate controls the overall rate of reaction.
Accordingly, the overall rate is equal to the rate of reaction 1.43, and assuming it is an elementary step, the
rate of reaction is proportional to the surface coverage of A, i.e. it is first-order in the fractional coverage of
A (6n).

I":l"zzkz HA (145)

This rate expression, however, is expressed in terms of 84 which is not directly measurable. Accordingly, we
need to find an expression which relates 65 to measurables.

Since reactions 1.42 and 1.44 are relatively much faster than reaction 1.43, they are close to equilibrium,
i.e. in near equilibrium or ‘quasi-equilibrium’ (note that they cannot be in true equilibrium; otherwise, the
overall reaction rate would be zero; rather, the forward rate is slightly larger than the reverse rate). The
kinetic definition of equilibrium states that the forward rate of reaction is equal to that for the reverse step;
thus forward and reverse rates are essentially equal for both reactions 1.42 and 1.44. Thus for reaction 1.42,
k\PA[1— Ox]= k—, O (assuming &g is small, generally a good assumption for low reaction rates and low
conversions of A). Couching in terms of the fraction surface coverage of A or 64 and remembering that K| =
ki/k

__KiPy

_ (1.46)
1+ K\ Py

A

Note this expression is identical to the equilibrium isotherm for adsorption of A (Equation 1.15).
Substituting for 6, from Equation 1.46 into Equation 1.45 yields the following rate expression

K, P,
r_kz 1PA

= (1.47)
1+ K\ Py

which is a shifting-order rate equation; that is, at low P, and/or K; values, the K; P, term in the denominator
is small relative to 1 and the rate expression simplifies to » = kK P4, which is first-order in A. However, at
high P, or K; values, the K;P5 term in the denominator is large relative to 1 and the rate expression
simplifies to » = k,, which is zero-order in A. The shift in reaction order with increasing P, is illustrated in
Figure 1.16.

\

Reaction Controls
(large P or 04)
rate

~ Reaction Controls (Small P or 64)
or Adsorption A Controls

Pa

Figure 1.16 Reaction rate versus partial pressure of the reactant for a unimolecular catalyzed surface reaction.



Chapter 1: Introduction and Fundamental Catalytic Phenomena 35

Adsorption of A controls—If adsorption or reaction 1.42 is the rds, it will be slow and essentially
irreversible (at low conversions) while reactions 1.43 and 1.44 will be relatively fast and in quasi-
equilibrium. Thus

r=r-= kIPAe\/ (148)

where the rate is proportional to &, the coverage of vacant sites, which is not directly measurable; hence, an
equation relating 6 to measurables must be found.

To this end, we invoke the principle of constant number of active centers for a solid catalyst. An active
center is an active site on the catalyst; it may be empty or occupied by adsorbed species. Hence, for the
unimolecular reaction A — B taking place on a solid catalyst surface, this principle requires that the total
concentration of surface sites L is the sum of the unoccupied sites and those occupied by chemisorbed A or B
species, i.e. L = [S] + [A—S] + [B-S]. This expression can be normalized by dividing each term by L to
obtain the expression

O+ 60p+6 =1 (1.49)
in which 6y, 64, and s are the fractional coverages of vacant sites, A, and B, respectively. From the
equilibrium expressions for reactions 1.43 and 1.44, we obtain 6, = 0g/K, and &g = Pgé/K;. Substituting
these expressions into Equation 1.49 to eliminate 65 and €3 and solving for 6, we obtain the expression

1
1+ (1+K3) By / (K2K3) |

Oy = (1.50)

Substituting for 6y from Equation 1.50 into 1.48 yields a form of the rate expression, which contains either
constants or measurable concentrations:
ki Py ki Py

" T [+ K) R /(KaKy)] | 14K 'Ry (1D

This rate expression is shifting-order as in the previous case of surface reaction controlling; at low
conversions of A and hence low values of Pg, it simplifies to » = k; P4 which is first-order in A. At large
values of K' or Pg, it becomes r = k1 P5/(K' Pg) which is first-order in A and inverse first-order in B; in other
words, the rate is inhibited by B.

However, it should be pointed out that at high P, moderate to high conversion and hence moderate to
large Pg, adsorption of A is fast and coverages of A and B are high; adsorption under these conditions
closely approaches equilibrium, and hence it is unlikely that adsorption will be rate controlling at high Pj.

Desorption of B controls—If desorption of B is the rds, the overall rate of reaction is determined by the
rate of the third step (reaction 1.44), and the rate expression (assuming again the rate determining step is
irreversible) is

r=r3= kgHB (152)

Proceeding as in the previous case, equilibrium expressions from the first and second steps are substituted
into Equation 1.49 (the expression for the sum of the fraction coverages) to eliminate 6, and 6s; then
solving in terms of G5 we obtain the expression

KK,y (1.53)

1+ (K +kiKy ) Py

B =

Then, substituting for &z in Equation 1.52, we obtain the rate expression in terms of constants and
measurable concentrations:
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. k3 Ky K, Py
1+(K1 +K1K2)PA

(1.54)

This rate equation is essentially of the same form as Equation 1.47, obtained for the case of reaction
controlling; thus, it is first-order in P, at low values of P, and zero-order at high Pa.

Chemical processes are co-rate determining/steady-state approximation. In the previous three
subsections, we used the rate-determining step approximation to determine a rate expression for the cases of
adsorption, reaction, or desorption being rate controlling. This approach greatly simplifies the derivation of a
rate expression from a sequence of elementary steps, since all steps other than the rds can be assumed to be
in a quasi-equilibrium—hence equilibrium constants can be used to find concentration relationships for
reactants and products.

There are, however, some pitfalls in using the rds approximation. Indeed, which of several elementary
steps is rate determining depends greatly on reaction conditions; hence, the rds may shift with changes in
temperature, reactant concentrations, and conversion. Accordingly, the rds approximation is not a general
but rather a specific tool and the resultant rate expression is valid only over a relatively narrow range of
conditions.

A generalized rate expression having application over a wide range of conditions can be obtained
through the application of the steady-state approximation. The steady-state approximation is the single most
general, useful tool in treating a sequence of elementary steps to obtain a rate expression. The principle of
this approximation can be simply stated as follows: in a closed, batch or transient system, the derivative of
the concentration of an intermediate with respect to time is approximately zero, i.e.

dCy/dt=0 (1.55)

It should be emphasized that in a batch or transient system this is an approximation, although one which is
generally very good, since changes in intermediate concentrations are negligible in comparison to changes in
concentrations of measurable species with time. Nevertheless, because it is an approximation, Equation 1.55
cannot be integrated to obtain the result C; = constant.

The practical implications of this approximation are as follows:

e Equation 1.55 can be used to set-up rate equations in terms of the concentrations of intermediates (active
centers) and measurable species; by setting the derivatives equal to zero, these equations can be readily
solved for the intermediate concentrations in terms of measurable concentrations. These relationships can
in turn be substituted into the rate expression to eliminate the concentrations of intermediates.

e For a series sequence of elementary steps proceeding through common intermediates, it can be shown
that | = r, = r4 = .....r;, We will now demonstrate how these principles can be applied to derivation of a
generalized rate expression for a unimolecular reaction.

Application of the steady-state approximation. From the general definition of reaction rate (Equation
1.5), it follows that the rate of a gaseous, unimolecular reaction A — B is simply

r=(-1) dPA/dt = dPg/dt (1.56)

since the stoichiometric coefficients for A and B are —1 and +1, respectively. From the general sequence of
elementary steps (reactions 1.42 to 1.44), we can write down the terms in the rate equation by inspection for
production and disappearance of species A in equations 1.42 and 1.43 (recalling that for an elementary step
the rate is simply proportional to the reactant concentration raised to their molecularity (molecularity =

[vil)y:
r=—dPa/dt =FkiPp Oy —k_164 (1.57)
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Applying the steady-state approximation to the production (and disappearance) of vacant sites to the same
sequence we find that

déy/ dt =—kiPaOy +k (Op + k3O — k3 Pgy =0 (1.58)

We can write similar equations for the changes in coverage of A and B with time; these equations could be
combined with Equation 1.58 and solved simultaneously to find expressions for the coverages of A and
vacant sites in terms of measurables. However, the mathematical expressions are tedious and there is a better
way.

From the steady-state approximation we also know that » = r| = r, = r3, for which
11 = k\PaGy —k_10s
1y =kyOp — k08
r3=k36g — k—Pgby.
This set of three equations with three unknowns can be written in matrix form:

_k—l 0 k] PA HA
by ko 0 |6 (1.59)
0 ks —ksBs| 6y

Following the solution of Boudart (1991) for this matrix, it can be shown that the rate is

r =

iMi (1.60)
i=1

where L is the total concentration of active centers that in connection with the use of surface coverages is the
sum of the coverages of A, B, and vacant sites, which is unity; A = kikyksPa — k_1k 2k 3Pg, and M; is the
determinant of the matrix containing values of L (in connection with coverages containing a column of ones)
in the ith column; otherwise the coefficients for surface coverages of A, B, and S (vacant sites) appear in the
first, second, and third columns, respectively. Thus the matrix M is of the form

1 0 kP,
M, = 1 - -2 0 (1.61)
1 k3 —k,3PB

having the solution M| = k ,k 3Pg + kik3Pa + kik ,PA. Similar solutions are found for M, and M5 (M, =k
k 3Pg + kikoPa + kok 3Pg and M3 = k 1k 5 + kyks + k_1k3). Substituting the values of L, A, and M; into
Equation 1.60, the general rate law is

k1k2k3PA —k,lk,2k73PB

L (1.62)
(k2k3 + k_1k3 + k_lk_z ) + (k1k2 + k1k3 + klk_z ) PA + (k_lk_3 + k_zk_3 + kzk_3 ) PB

Equations similar to 1.62, or sequences involving a larger number of steps, can be obtained using this
general matrix notation developed by Boudart (1991). In most cases, these general forms can be further
simplified by substituting equilibrium constants for ratios of rate constants where possible. For example, if it
is assumed that Py is low (true at low conversion), k, is small (the surface reaction is the rds), and &, is
negligible (the surface reaction is essentially irreversible), and dividing by k_1k3 while noting that K; = k/k_,
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and K3 = ks/k 3, Equation 1.62 can be greatly simplified so that it contains only one rate constant k, and one
equilibrium constant K.

_ kK\Py

r=—— (1.63)
1 + KiPy

Note that this is the same rate expression as Equation 1.47 developed for the case of surface reaction
controlling.

Bimolecular surface reactions. Since the surface reaction controlling case is generally the most
important for industrial reaction conditions, our discussion of bimolecular reactions will be restricted to this
case. There are two different mechanisms for bimolecular surface-catalyzed reactions: (1) the Langmuir-
Hinshelwood mechanism for the reaction of two adsorbed surface species to products and (2) the Eley-
Rideal mechanism for the reaction of a gas phase species with an adsorbed species to products. In both cases,
the overall stoichiometric reaction is simply

A + B — Products (1.64)

Langmuir-Hinshelwood: Reaction of two adsorbed species—In this mechanism it is assumed that the
adsorptions of A and B occur in quasi-equilibrium (equations 1.65 and 1.66), while the rds is the irreversible
reaction of adsorbed A and B to products, thus:

A + S & A-S (quasi-equilibrium) (1.65)
B + S < B - S (quasi-equilibrium) (1.66)
A-S + B-S — products (rds) (1.67)

The rate expression for reaction 1.67 is
7"21”3:/(3 QAHB (168)

The expressions for fractional coverages of A and B in terms of partial pressures of A and equilibrium
adsorption constants were given earlier (Equation 1.18, Section 1.3.4). It was assumed in their derivation that
species A and B compete for adsorption on the same sites and that there is only one kind of site for
adsorption and reaction. Substituting these expressions for 64 and &g into Equation 1.68 gives the
generalized Langmuir-Hinshelwood rate equation:

(I+KsPy +Kphy)

The reaction rate versus P, (at constant Pg) is plotted in Figure 1.17. It is evident that the rate passes through
a maximum with increasing Pa, a direct mathematical consequence of the squared terms in the denominator.
It can be shown mathematically that the maximum occurs at KoP, = KgPpg; hence, KA/Kg can be calculated
at the rate maximum. From a physical point of view, the rate decreases (becomes negative-order) at high Py
values because high P, is a driving force for increasing coverage of A at the expense of other species
including B; since the reaction rate is proportional to the product of 6, and g, rate decreases as g becomes
small. In addition, more strongly adsorbed species replace others on the surface, e.g. CO replaces O, in CO
oxidation on Pt.
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rate

P, (Pg constant)

Figure 1.17 Reaction rate versus partial pressure of reactant A (partial pressure of B held constant) for a bimolecular
catalyzed surface reaction (Langmuir-Hinshelwood mechanism).

Eley-Rideal: Reaction of an adsorbed species with a gas phase species—In this mechanism it is
assumed that adsorption of A occurs in quasi-equilibrium (Equation 1.65), while the rds is the irreversible
reaction of adsorbed A and gas phase B to products. Thus:

A-S + B(g) — products (1.70)

The rate of reaction is
erQAPB (171)

for which the coverage of A (assuming equilibrium between adsorption and desorption of A) is given by the
expression derived earlier for the Langmuir isotherm:

K Py

=_—ATA 1.72
AT 14 K,Py, (1.72)
Upon substituting Equation 1.72 into 1.71, we obtain the reaction rate in terms of measurables:
o KKAPARS (1.73)
1+ KA Py

which is again a shifting-order rate expression, which at constant Py is first-order in A at low Pa and zero
order in A at high P, or K, (see Figure 1.18a). If, however, P, is held constant, the reaction rate reduces to
= k' Pg which predicts first-order in B (see Figure 1.18b).

(a) high K and/or P (b)

/

rate rate

=~ low K, and/or P,

Py (P constant)

P, (P constant)

Figure 1.18 (a) Reaction rate versus partial pressure of reactant A (partial pressure of B constant) for reaction of an
adsorbed A with gas phase B (Eley-Rideal mechanism); (b) reaction rate versus partial pressure of reactant B (partial
pressure of A held constant) for reaction of adsorbed A with gas phase B or Eley-Rideal mechanism.
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Thus if experimental rates are available as a function of concentration, and the reaction is suspected to
involve either a Langmuir-Hinshelwood (LH) or Eley-Rideal (ER) bimolecular surface reaction, the rate can
be plotted as a function of reactant concentration as in Figs. 1.17 and 1.18 to identify qualitatively which
mechanism is most consistent with the data.

Example 1.3: Derivation of LH rate equation from a sequence of elementary steps for CO oxidation
on a Pt catalyst.

We wish to develop a physically meaningful rate expression for CO oxidation on Pt that might be fitted to
available kinetic data and used over a wide range of conditions for purposes of reactor design. For many
catalytic reactions, including CO oxidation on Pt, it is known that under typical reaction conditions the
reactants adsorb rapidly and in near equilibrium. Accordingly, the sequence of elementary steps introduced
earlier for CO oxidation (reactions 1.8 through 1.11) would be applicable, at least at low conversions
where only the forward half of the rate-determining step, reaction 1.10, would be important. Thus the rate
determining step (rds) is the essentially irreversible reaction of chemisorbed CO molecules and oxygen
atoms, and the rate is given by:

F:7’3:k3(9coeo (174)

for which k3 is the rate constant for reaction 1.10. From equations 1.8 and 1.9, involving the near
equilibrium adsorption of CO and O,, we can express the fractional coverages of CO and O covered sites
as:

HCOZKl Pco 9\/ (175)

0o = K>'* Po,'” Oy (1.76)
Recalling that the sum of the fractional coverages of filled and vacant sites is unity (Equation 1.49), we can
substitute from equations 1.75 and 1.76 into 1.49 to obtain an expression for the fractional coverage of
vacant sites:

Oy = ! (1.77)

1/2 p1/2

Now substituting from equations 1.75, 1.76, and 1.77 into 1.74 to eliminate fraction coverages, we obtain a
rate expression in terms of measurable quantities and constants,

ks K\ K} P P2 (1.78)

2
[ 1+ KiPeo +KY2RY? |

and which can be tested against experimental rate data as will be illustrated in Chapter 4. This rate
expression (Equation 1.78) is, in fact, consistent with experimental evidence for CO oxidation. It predicts
orders for CO and O, ranging from 1 to —1 and 1/2 to —1/2. Indeed, positive, zero, and negative orders are
observed for CO.

Microkinetics, the most general approach for kinetics of surface reactions. A fully general approach
to analyzing the kinetics of surface reactions has been developed relatively recently for surface reactions.
This approach, based on the kinetics of elementary steps, has been practiced for almost three decades by
workers in combustion to describe gas phase kinetics. Its more recent application to surface reactions was
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pioneered by Dumesic and Rudd (Dumesic et al., 1993); it is founded on principles of the kinetics of
elementary reactions set forth in the 1960s by Boudart (1991).

Microkinetics analysis is the quantitative examination of the kinetics of a catalytic reaction in terms of
the kinetics of the elementary chemical reactions that occur on the catalytic surface and their relationship to
each other and to the catalytic surface. It begins with the formulation of elementary steps to describe the
progress of a chemical reaction. In the analysis of a sequence of elementary steps, no assumptions are made
as to which step may be the rds or which species is most abundant on the surface. The kinetics may be
analyzed using the steady-state approximation to obtain an overall rate expression as illustrated for a
unimolecular reaction earlier in this section, although the analysis is not limited to steady-state. In the
application of microkinetics, available fundamental data such as rate constants and activation energies are
gathered from experimental data or estimated using sound empirical or theoretical correlations and then used
to estimate the overall reaction rate as a function of concentrations and temperature. Thus application of
microkinetics to a unimolecular reaction would involve finding values of the rate constants and activation
energies for adsorption, surface reaction, and desorption, solving these in matrix form similar to Equation
1.61, and then using this expression to calculate rates as a function of the concentrations of species A and B
and of temperature for the region of conditions in which heat and mass transport effects are not important.
However, the more general application would also involve adding the equations for pore diffusion and film
mass transport (see Section 1.3.5). These equations and the rate equation could then be solved numerically to
obtain overall rate as a function of concentration and temperature over a wide range of conditions.

The application of microkinetics to the analysis of a number of different catalytic reactions, including
ethane hydrogenolysis and ammonia synthesis on metal catalysts, methane oxidation on oxides, and selective
catalytic reduction of NO on zeolites, is described in a book by Dumesic et al. (1993) and in a later review
(Cortright and Dumesic, 2001). The microkinetics approach is an important advance that takes us well
beyond the classical Langmuir-Hinshelwood kinetics; it is the kinetic paradigm of the future. In addition to
the formulation of general rate models for reactor design, it provides a scientific basis for catalyst design, a
topic addressed in Chapter 2.

1.3.7 Effects of Surface Structure and Support on Catalytic Activity

Introduction. For decades, scientists working in the field of catalysis have attempted to correlate the
activity and selectivity of catalysts with their chemical and physical properties in the ultimate hope of being
able to predict catalytic activity. Taylor and other early scientists introduced the notion of electronic and
geometric factors, the former constituting a kinetic factor (e.g. activity or selectivity) influenced by the
electronic properties of the solid surface (e.g. the number of d electrons) and the latter referring to a kinetic
factor influenced by the geometric structure of the solid surface (e.g. number of corner, edge, or planar sites).
Early attempted correlations included activity versus number of d electrons and activity versus heats of
adsorption of a reactant.

In early critical reviews (Boudart, 1961; Derouane, 1971), correlations in heterogeneous catalysis were
reviewed and classified with an emphasis on Type I correlations, involving the relationship of a kinetic
parameter with a property of the solid catalyst or active center on the catalyst. In the same decade in which
these reviews appeared, Boudart (1969) advanced the concept of structure sensitive reactions, namely, that
catalytic activity of some reactions may depend upon crystallite size or morphology; this concept has since
stimulated many studies of activity versus metal particle size or metal surface structure and the discovery of
a number of structure sensitive reactions.

That catalyst supports or carriers may affect catalytic activity began to be recognized about a decade
later. Before this discovery, catalyst supports had been considered to have little effect on the properties of
supported metals, metal oxides, or sulfides. However, a significant number of studies since about 1980 have
established that interactions of support with the active catalytic phase can greatly influence the activity and
selectivity of the catalyst (Stevenson, 1987).
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Beginning in the 1970s and 1980s, the development of sophisticated characterization methods (selective
chemisorption, XRD, TEM, FTIR, Moéssbauer, TPD, XPS, and other electron spectroscopies) has enabled
catalytic scientists to determine important physical and chemical properties of supported metals including
metal surface area, crystallite size, crystallite size distribution, surface structure, surface composition, and
the nature of the support/metal interface. Efforts have been made to correlate catalyst activity with the
geometric and electronic properties of the catalysts, including metal dispersion, metal crystallite size, the
electronic d-band structure, electron density at the nucleus, and extent of reduction of the metal.

This section focuses on the definition of catalytic activity and structural factors, which influence catalytic
activity. Influences of surface structure, crystallite size, and support on the activity/selectivity properties of
supported metal crystallites in several important reactions are considered and discussed.

Definition of specific catalytic activity. Catalytic activity is an important measure of catalyst
performance and is most generally defined as the rate of a specified catalytic reaction under specified
conditions in the presence of a specified catalyst. Specific catalytic activity is the same as specific rate (see
Equation 1.5 in Section 1.3.1), i.e. » = (1/v;Q) dny/d¢t where Q = mass, volume, or surface area. For a
supported metal, metal oxide, or metal sulfide, the most meaningful form of activity, which enables valid
comparison for different catalysts of the same type, is that based on metal, metal oxide, or metal sulfide
surface area, i.e. the surface area of the active phase. Although activities or specific rates are often reported
in the literature on a mass or volume basis, this is not nearly as meaningful because:

1. The extensive rate »Q is proportional to the number of catalytic sites which is in turn proportional to
the active catalytic surface area S. Thus in principle, » = (1/v;S) dni/df should be a constant for a given
catalyst type, for a given reaction and set of reaction conditions. For example, all nickel catalysts
(regardless of preparation, support, metal loading, and nickel surface area) should in principle have
and indeed are observed to have the same specific activity for methanation of CO at 225°C, 1 atm,
10% conversion, and H,:CO = 3:1.

2. Active catalytic surface area for a given catalyst type may vary over an order of magnitude, e.g. Ni
surface areas of commercial Ni/Al,O5 catalysts range from 5 to 50 m /g catalyst. Hence, rates based
on the mass of catalyst could vary by as much as a factor of 10 for the same nickel catalyst type,
reaction, and reaction conditions. Thus comparison of rates on a per mass basis, while having utility
in industrial applications, is invalid in the fundamental, scientific setting.

Turnover frequency. The turnover frequency (TOF) is a specific reaction rate based on number of
active sites. It is the most fundamental definition of reaction rate, since it is the frequency at which
molecules react on an active site. Turnover frequencies must be defined at specified conditions of
temperature, concentration of reactants, and conversion. To be valid, TOFs must be measured in the absence
of heat and mass transport limitations and pore diffusional restrictions (generally low reaction temperature
and low conversion). They must be measured in the absence of deactivation effects, e.g. poisoning, coking,
and sintering. Guidelines for measurement and comparison of speciﬁc activities are discussed in Chapter 4.

Turnover frequencies have units of molecules/s1te second or s . Values of TOF for commercial catalysts
arc typically in the range of about 10 3t010s wh11e TOF values for enzymes are in the range of 10° to 10*
=

In principle, the TOF is a constant for a given metal, metal oxide, or metal sulfide in a given reaction at
specified reaction conditions. For example, the TOF for CO methanation on unsupported Ni, 10-20%
Ni/Si0,, and 10-20% Ni/Al,O5 catalysts is about 4 x 107 at 525°C, H,:CO = 3, Pco = 1 kPa, and a
conversion of 1-10% (Bartholomew ef al., 1982). In practice, however, TOF may differ significantly (factors
of 2-1,000) among catalysts of the same type because of (1) differences in surface structure in a structure
sensitive reaction, (2) varying degrees of metal-support or metal-promoter effects and (3) differences in
surface composition in a series of bimetallic or multimetallic catalysts. Differences in surface structure,
surface composition, and metal-support or metal-promoter interaction from one catalyst to another may
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depend upon the catalyst preparation, thermal pretreatment history, reducing or oxidizing atmosphere, and
crystallite size.

Effects of surface structure on specific activity. According to Boudart (1984), catalytic reactions are
of two types: (1) structure sensitive or demanding reactions and (2) structure insensitive or facile reactions.
In structure sensitive reactions specific activity or TOF depends on surface structure, i.e. is a function of the
geometric distribution of sites of different coordination or ensembles (collections of sites). In other words,
structure sensitive reactions require special sites. The distribution of these special sites may vary with metal
loading, crystallite size, dispersion (fraction exposed), and/or preparation method.

The variation in atomic coordination number C; (i = number of nearest neighbors) for different atoms at
the surface of a metal crystallite is illustrated in Figure 1.19, a ball model of a close-packed imperfect
surface. Several different kinds of atomic coordination are evident: planar (P) or face sites having
coordination number 9 (Cy; note that hcp bulk atoms have C;, coordination—6 in the same plane, 3 above,
and 3 below); edge (E) atoms having C; coordination; corner (C) sites having C¢ coordination; edge adatoms
(Ag) with Cs coordination; and terrace adatoms (At) having C;3 coordination. It is logically anticipated that
surface atoms of lower coordination (i.e. having a greater fraction of their bonding capacity unsatisfied)
would adsorb atoms more strongly than surface atoms of higher coordination. Thus one might expect terrace
and edge adatoms, corner atoms, and edge atoms to be the most active sites at least initially, and by the same
token, possibly the ones to be poisoned most rapidly by feed impurities or coke. If the fraction of low
coordination sites at a crystallite surface is a function of crystallite diameter, a variation in activity with
metal dispersion is predicted. Indeed, the fraction of corner and edge atoms of low coordination is predicted
to be large for crystallites of diameter smaller than about 10-20 nm and is likewise predicted to decrease
with increasing crystallite diameter (see Figure 1.20). Moreover, changes in activity with dispersion (in some
cases increases and in some cases decreases) are observed for a number of catalytic reactions. These
observations are generally thought to provide evidence of structure sensitivity.
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Figure 1.19 Model of close-packed imperfect surface; atoms of differing coordination are designated as planar (P),
edge (E), corner (C), edge adatom (Ag), and terrace adatom (Ar).

There are two kinds of structure sensitivity: (1) primary structure sensitivity due to geometric effects and
(2) secondary or ‘apparent’ structure sensitivity due to preferential poisoning of sites of a given geometry or
coordination, e.g. due to preferential poisoning of edge or corner sites. It is not easy to experimentally
discriminate between these two. Moreover, an observation of increasing activity with increasing crystallite
diameter may in some cases be the result of metal-support effects, which may be more important for small
crystallites. Accordingly, the observation of changes in activity with changes in dispersion does not
constitute proof of primary or secondary structure sensitivity; it does, however, suggest that possibility.

According to Boudart (1984), there are several distinguishing features of a structure sensitive reaction:
(1) it typically occurs on large, multiple-atom sites, (2) it typically involves activation of C-C and N-N
bonds, and (3) effects of alloying and poisoning on reaction rate are large. Thus hydrogenolysis reactions
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involving the rupture of C-C bonds and ammonia synthesis involving the rupture of N-N bonds might be
expected to be structure sensitive.
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Figure 1.20 Distribution of corner, edge, and planar atoms for a crystallite of octahedron geometry (adapted from van
Hardefeld and Hartog, 1969; courtesy of Elsevier).

Reactions that on the basis of reasonably solid experimental evidence are thought to be structure
insensitive are listed in Table 1.6, while reactions thought to be structure-sensitive are listed in Table 1.7. A
number of hydrogenation reactions listed in Table 1.6, e.g. hydrogenation of ethylene, benzene,
cyclopentane, cyclohexane, and CO, have been shown to have the same TOF on both supported metals and
single crystal surfaces. The hydrogenation of CO has been shown to be structure-insensitive on Co, Fe, Ni,
Rh, and Ru catalysts. As expected on the basis of their chemistries, structure sensitive reactions (Table 1.7)
include neopentane isomerization, ammonia synthesis, and ethane hydrogenolysis. On the other hand, the
observation that hexane hydrogenolysis is structure-insensitive on Pt catalysts (Table 1.6) is somewhat
contrary to expectation and emphasizes the difficulty in predicting such behavior.

The structure sensitivity of ethane hydrogenolysis on Pt and Ni catalysts has been well-documented
(Goodman, 1982; Goodman, 1992; Ribeiro, 1997). Hence, it serves as a good example for probing the causes
of structure-sensitivity. Data from Goodman (1982) show that methane formation rate is significantly higher
at any temperature on the Ni(100) surface relative to the Ni(111) (see Figure 1.21). Upon examining the
arrangement of atoms on the two surfaces, it is evident that the distance between four-fold sites on the
Ni(100) surface is larger than that between three-fold sites of the Ni(111) surface; moreover, this distance
between the fourfold sites in Ni(100) is possibly ideal for cleaving the C-C bond of ethane.

Table 1.6 Reactions that have been shown to be Structure-Insensitive

Metal Reaction Large Single Crystals Supported Metallic Clusters
Pt n-CsHg hydrogenation Kahn et al. (1974) Boudart et al. (1966)
Wong et al. (1980)
Ni C,H4 hydrogenation Dalmai-Imelik and Massardier (1977) Dalmai-Imelik and Massardier (1977)
CgHg hydrogenation
Co, Fe CO hydrogenation Goodman et al. (1980); Vannice (1976); Rameswaren and
Ni, Ru Somorjai et al. (1980); Bartholomew (1989); Johnson et
Rh Johnson et al. (1991) al. (1991)
Pt n - C¢Hjo hydrogenation Davis and Somorjai (1980) Segal et al. (1978)
Pd CO oxidation Engel and Ertl (1979); Xu ef al. (1994) Ladas et al. (1981)

Pt n - C¢Hi4 hydrogenolysis — Ribeiro et al. (1997)
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Table 1.7 Reactions that have been shown to be Structure-Sensitive

Metal Reaction Reference
Pt neopentane isomerization Boudart and Ptak (1970)
Fe NH; synthesis Boudart et al. (1975); Ertl (1981); Spencer et al. (1982)
Pt, Ni ethane hydrogenolysis Sinfelt et al. (1972); Goodman (1982); Ribeiro et al. (1997)
Pt H; oxidation Hanson and Boudart (1978)
Pd, Rh CO+NO Rainer et al. (1997); Oh and Eickel (1991)
H2
CoHg > CHg4

Ni(100)

1
10 (@)

Ni(111)
(b)

10-2[

Methane Formation Rate (tof)

10-3[

10-41 l l I I
1.6 1.8 20 22
Reciprocal Temperature C X 103

Figure 1.21 Rates in the form of turnover frequency (TOF) of methane formation during ethane hydrogenolysis on
nickel single crystals (adapted from Goodman, 1982; courtesy of Elsevier).

Effects of support on catalytic activity and selectivity. Several different kinds of catalytic phase-
support interactions can affect specific catalytic activity. We define here a support effect as an interaction of
the support or carrier with the active catalytic phase, which causes a measurable change in TOF. According
to Boudart (1984), metal-support interactions can be classified into at least six different types: (1) strong
interaction of unreduced metal oxide with an oxide support leading to incomplete reduction of the metal, e.g.
strong interaction of base metal oxides with alumina, silica, or zeolite supports; (2) support-induced size and
morphology, e.g. pore-limited crystallite diameter, epitaxial growth of metal layers on carbon and silica, and
two-dimensional raft-like structures of metals; (3) contamination of the metal by support material either
during preparation or during reduction of the catalyst; (4) bifunctional catalysis, i.e. reactions on both metal
and support; (5) spillover of species from the metal to the support and vice-versa; and (6) a change in the
electronic properties of small crystallites (dysiaiie < 2 nm) due to intimate contact with the support,
sometimes called the Schwab Effect of the second kind.

These different classes of metal-support interactions and examples of each are summarized in Table 1.8.
It should be emphasized that the examples are clearly not exhaustive, that is, there are a number of
documented examples of each different type of support effect (Boudart and Djega-Mariadassou, 1984;
Stevenson et al., 1987). It should also be mentioned that Effect No. 3, contamination or ‘decoration’ of the
metal by support material, is sometimes erroneously referred to as a ‘strong metal-support interaction’ or
SMSI. This is largely a misnomer, since strengths of interactions between support and metal are probably
most typically on the order of Van der Waals interactions. Interactions of metal oxides with oxide supports,
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on the other hand, can be very strong and typically involve strong chemical bonds; for example, in the
preparation of a Ni/Al,O; catalyst NiO can interact chemically with y-Al,O; during calcination at 300-400°C
to form a stable NiAl,O,4 surface spinel (at higher calcination temperatures a bulk spinel is formed).
Although typically weak, metal-support interactions can nevertheless have a marked effect on the properties
of the metal atoms in the vicinity of the metal-support interface, e.g. increases in the adsorption strength of
H, on Ni due to decoration by reduced TiOy species and changes in the electronic properties of metal

clusters inside the pores of zeolites due to a partial electron transfer.

Table 1.8 Classes and Examples of Metal-Support Effects

Metal-support effect Metal Support  Reaction/phenomenon Effects on activity/ Reference
selectivity
Unreduced metal, Co,Fe,Ni Al,O3, CO hydrogenation/ extent  activity increase with Rameswaren and
i.e. strong metal Fe MgO, of reduction (EOR) increasing EOR® Bartholomew (1989);
oxide-support Co, Ni, Fe  zeolites independent of metal Johnson ef al.
interaction loading; reduction to the (1989); Boudart and
metal is extremely Djega-Mariadassou
difficult (1984)
Support-induced Co, Fe AlL,O3,C  CO hydrogenation/ decreases in CO Fujimoto and
morphology and zeolites preparation of 1-2 nm hydrogenation activity Boudart (1979);
size Pt, Fe, Ni  TiO, Co, Fe clusters, metal Bartholomew et al.
films, rafts (1993); Stevenson et
Au TiO, 2D clusters (2 nm) enhanced CO oxidation al. (1987); Goodman
activity (2003)
Contamination or Co,Ni, Pd TiO,, H,, CO adsorptions adsorption is suppressed;  Stevenson ef al.
decoration of metal  Pt, Rh AlL,O3 CO hydrogenation activated adsorption; CO (1987); Bartholomew
with support ethane hydrogenolysis hydrogenation activity is ~ (1990)
increased; ethane
hydrogenolysis activity is
decreased
Bifunctional Pt AL O3 naphtha reforming, CO reaction on metal and Boudart and Djega-
catalysis Co,Ni, Pt AlLO; hydrogenation support; e.g. Mariadassou (1984);
isomerization on acid Sen and Falconer
sites of Al,O3, (1989); Lee and
dehydrogenation on Pt Bartholomew (1989)
metal sites
Spillover Pt, Pd Al O3 ethylene hydrogenation in EH® H, is activated on ~ Boudart and Djega-
Carbon pentane dehydrogenation  metal and moves to Mariadassou (1984);
support; in PD® hydrogen ~ Carter et al. (1965);
atoms diffuse to the metal ~ Fujimoto and
surface Toyoshi (1981)
Electron transfer Pt Y-zeolite hydrogenation and large increase in activity Boudart and Djega-
(Schwab II effect) Co, Fe Al,O3, C  isomerization/electron- for isomerization and Mariadassou (1984);
deficient clusters due to hydrogenation; decrease Bartholomew ef al.
interaction with support; in activity for CO (1993)
hydrogenation;
Au TiO; increased surface increased CO oxidation Goodman (2003)

potential of Au cluster
adlayer due to charge
polarization at Au/TiO,
interface

activity

* Extent of reduction
b Ethylene hydrogenation
¢ Pentane dehydrogenation
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The examples in Table 1.8 cover a wide range of different chemical and physical phenomena; the nature
of these phenomena can be illustrated more vividly by considering five of these examples in more depth,
namely: (1) effect of extent of reduction on CO hydrogenation activity of Co/Al,Os3, (2) decoration of nickel
crystallites by support materials and its effects on CO hydrogenation activity and selectivity, (3) bifunctional
catalysis during naphtha reforming, (4) enhanced isomerization activity of electron-deficient Pt in Ca-Y-
zeolite, and (5) enhanced CO oxidation activity of Au/TiO; due to cluster size- and support-induced changes
in geometry and electronic structure.

Effects of extent of reduction—In an investigation of CO hydrogenation on Co/Al,O3 catalysts
prepared by decomposition of cobalt carbonyls on j~Al,O3 dehydroxylated at 923—1223 K, Johnson et al.
(1991) found that the specific activity in the form of CO turnover frequency (Nco) is independent of
percentage dispersion from about 10-40% for catalysts having high extents of reduction to cobalt metal.
Catalysts having lower extents of reduction were found to have 5-10 times lower activity; in fact, a good
correlation of increasing TOF with increasing percentage reduction was found (see Figure 1.22).
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Figure 1.22 Carbon monoxide turnover frequency for CO hydrogenation on Co/Al,O3 catalysts at 485 K, 1 atm,
Hy/CO = 2; catalysts were prepared by decomposition of cobalt carbonyl on the support dehydroxylated at the
temperature shown in parenthesis (Johnson et al., 1991; courtesy of Academic Press).

Effects of decoration of the metal surface by the support—Bartholomew et al. (1982) investigated the
effects of preparation and support on specific activity of nickel for CO hydrogenation. Their data (Figure
1.23) indicate that silica has little effect on either activity or selectivity; alumina and titania, however, appear
to increase CO conversion activity and selectivity for C,; hydrocarbons, especially in those catalysts
prepared by a controlled-pH precipitation. In a later review paper (Bartholomew, 1990) the increases in
activity for the Ni/Al,O; and Ni/Ti0O, catalysts were linked through fundamental TPD studies of Raupp and
Dumesic (1985) to support moieties on the nickel surface. It was speculated that in the case of Ni/TiO,,
reduced TiOy (x=1) species formed during reduction of the catalyst migrate to the surface of nickel
crystallites. In the case of Ni/Al,Os, it was proposed that alumina sols formed during aqueous impregnation
or precipitation are deposited on the surface of nickel oxide particles during drying and/or calcination and
remain there during reduction.
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Figure 1.23 Effects of support and preparation on methane turnover frequency of nickel at 525 K; shaded bar is

proportional to the CHy4 turnover frequency; unshaded bar denotes the C,+ hydrocarbon turnover frequency; total bar
length is CO turnover frequency (Bartholomew et al., 1980; courtesy of Academic Press).

Bifunctional catalysis—Catalysis by both metal and support is a widely-acknowledged phenomenon. It
plays an important role, for example, in dehydrogenation and isomerization reactions occurring in the
catalytic reforming of naphtha. One of the important reactions in naphtha reforming is the
dehydroisomerization of alkylcyclopentanes such as methylcyclopentane (Parera and Figoli, 1995). A
possible mechanism for this reaction is shown in Figure 1.24. Methylcyclopentane is first dehydrogenated on
a metal site to methylcyclopentene and then on a similar metal site to methylcyclopentadiene; the adsorbed
diolefin migrates to an acid site (A) on the support where it undergoes isomerization to cyclohexadiene,
which in turn migrates to a metal site where it is finally dehydrogenated to benzene. Generally, in these types
of reactions, the metal provides metal sites for hydrogenation or dehydrogenation, while the support provides
acid sites for cracking and isomerization.

SIOZ - A1203 Support

Figure 1.24 Dehydroisomerization of methylcyclopentane on Pt/Si0O;-Al,O3, an example of bifunctional catalysis; A
= acid site (Parera and Figoli, 1995; courtesy of Marcel Dekker).

Metal-support electron transfer—One of the classical examples of a direct metal-support interaction,
causing electronic modifications in metal clusters and thereby affecting their catalytic activity, was reported
over three decades ago by Dalla Betta and Boudart (1973). Their paper describes the successful preparation
of Pt metal clusters in Y-zeolite having about six atoms per cluster. The acidic forms of this catalyst, Pt/CaY
and Pt/MgY, were found to be 50 times more active than Pt/Al,O5 for neopentane isomerization and 5 times
more active than basic catalysts such as Pt/NaY and Pt/Si0O, for ethylene hydrogenation (see Figure 1.25). It
was speculated and later confirmed that strong electrostatic field gradients in the acidic zeolite cages polarize
the Pt clusters causing them to be electron deficient (Boudart and Djega-Mariadassou, 1984).
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Figure 1.25 Turnover frequencies for ethylene hydrogenation on Pt/SiO, and Pt/Y-zeolites at 189 K and 1 atm: 23
torr CoHy, 152 torr Hp, and 585 torr He (Dalla Betta and Boudart, 1973; courtesy of North Holland).

Enhanced activity of Au/TiO; due to cluster size- and support-induced changes in geometry and
electronic structure—It should be emphasized that while a number of studies provide compelling evidence
of electronic interactions between metal nanoclusters of less than 2-3 nm and support, there is also clear
evidence that electronic properties of metal nanoclusters are intrinsically much different than the bulk metals
(Goodman, 2003). Effects of decreasing cluster size include discrete electronic structure and alterations in
morphology and chemical reactivity. Separating effects of cluster size and cluster-support interactions on
electronic structure is a challenging problem. Nevertheless, the application of sophisticated surface science
spectroscopies (see Chapter 2) and computational methods to study and model supported metal systems, e.g.
those prepared by vacuum deposition of metals on thin support films, is providing new understanding of
these effects (Gunter et al., 1997; Campbell, 1997; Santra and Goodman, 2002; Goodman, 2003).

For example, comprehensive studies of model Au/TiO, and Au/SiO, catalysts by TPD, STM, STS, and
in situ activity measurements have provided new insights into the effects of cluster size and support on
adsorption, morphological, electronic, and catalytic properties of Au (Goodman, 2003).

Effects of Au cluster size on band gap were studied by STS. Cluster band gap was found to increase with
decreasing cluster size (Figure 1.26); a large increase in band gap, indicating the onset of nonmetallic
behavior, is evident at a diameter of 3.5 nm and a height of 1.0 nm, corresponding to about 300 atoms per
cluster. Moreover, cluster morphology changes from 3D for diameters larger than 4 nm to 2D (1 monolayer)
at a diameter of 2 nm (see Figure 1.26). Consistent with these observed changes in electronic structure and
morphology, both the heat of CO adsorption on and CO oxidation activity of Au/TiO; clusters increase with
decreasing cluster size reaching a maximum value at 2 nm (see Figure 1.27).

To what extent could these remarkable changes in adsorption, catalytic, electronic, and morphological
properties be attributed to effects of nanocluster size versus effects of support? This issue was addressed by
Chusuei ef al. (2001) through measurements of core level binding energies as a function of cluster size and
of metal-metal bond strengths by Au TPD for model Au/SiO, and Au/TiO, catalysts. Core level
measurements show that Au d-bands in Au/TiO, are much closer to the Fermi level (than for Au/SiO,) due
to a charge polarization in the interfacial region, indicating an increase in the potential of the Au adlayer. In
other words, the interaction of Au clusters with the titania support creates substantial changes in their
electronic properties from bulk Au.
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Figure 1.26 Cluster band gaps measured by STS as a function of Au cluster size supported on TiO2(110)-(1 % 1). The
band gaps were obtained while the corresponding topographic scan was acquired on various Au coverages ranging
from 0.2 to 4.0 ML. (e) 2D clusters; (m) 3D clusters, 2-atom layers in height; (A ) 3D clusters, 3-atom layers or greater
in height (Goodman, 2003; courtesy of Academic Press).
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Figure 1.27 Left: CO heats of adsorption determined by the Clausius-Clapeyron method at a CO coverage of < 10%
of saturation as a function of Au cluster size on a TiO,(110) support. Right: (a) The activity for CO oxidation at 350 K
as a function of Au cluster size supported on TiO(110)-(1 x 1) thin films grown on Mo(100); activity = (product
molecules)/(total Au atoms-s); (b) a histogram of the distribution of cluster sizes. The schematic at bottom right shows
the evolution of cluster morphologies within the 0—10 nm range. The predominant morphology for the structures
corresponding to those of the histogram is the indicated bilayer structure (Goodman, 2003; courtesy of Academic
Press).

Temperature programmed desorption (TPD) is a useful tool for studying the energetics of adsorbate-
adsorbent and adsorbate-adsorbate interactions; for example, high-temperature TPD can be applied to the
study of metal-support and metal-metal bond strengths. TPD spectra of Au from Au/SiO,, measured as a
function of Au coverage (Goodman, 2003), reveal that the sublimation energy of Au is abnormally low for
small 2D clusters present at 0.2 monolayers (ML) or less, but increases from a low value of 50 kJ/mol to the
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value for bulk Au of 90 kJ/mol as Au coverage increases from 0.2 to 1 mL, thereafter remaining constant to
5 mL. The abnormally low value for low Au coverage (and small 2D clusters) is explained by easy
desorption of atoms of low coordination (bonded to fewer neighboring atoms and hence having fewer bonds
to break) located on the edges of small clusters. On the other hand, the sublimation energy for Au/TiO, is
constant at 50 kJ with increasing Au coverage up to 2 mL. This can be attributed to a stronger interaction of
Au with titania (relative to silica) causing greater wetting of the support.

Our changing view of the surface; dynamic surface structure—In this last section of Chapter 1 we
have focused on surface structure and support effects and how they influence catalytic activity and
selectivity. In our discussions thus far we have assumed, rather simplistically, that while coverages of
adsorbing, reacting, and desorbing species may change with time, the structure of a catalyst surface is
constant with time.

Our view of catalytic surfaces has evolved considerably over the past 100 years—from that of a smooth,
homogeneous surface (1910 to 1960) to a rough surface composed of intersections of planes or of metal
atoms of varying coordination, i.e. a rigid lattice model (1960-1990) to a dynamic, restructuring surface
(1990—present) (Somorjai, 2002).

In the period from 1960 to 1990, the development of sophisticated tools for studying surface structure led
to the concept that rough surfaces, e.g. edge and corner sites, may be largely responsible for catalyzing
surface reactions. Recently developed in situ methods such as scanning tunneling microscopy (STM), which
enable us to study surface structure during reaction, have made it possible to observe surface dynamics.
Consistent with these latest observations we are finding that:

1. Catalytic surfaces are dynamic systems that undergo restructuring during adsorption and reaction.
Indeed, as molecules adsorb, neighboring surface atoms optimize their coordination causing
‘relaxation’ or displacement of atoms in the first layer. Moreover, different structures are favored in the
presence of different adsorbates.

2. In addition to diffusion across surfaces and site-hopping of reacting intermediates, atoms and
molecules from the first catalyst layer may also be mobile or at least partially displaced as molecules
adsorb and desorb, especially at high temperatures. Clusters of catalytic material may be diffusing and
increasing or decreasing in size, while their surfaces may undergo roughening or transition to a smooth
surface (Goodman, 2003).

Complementary to these experimental observations are new insights into the chemistries of adsorption
and catalytic reaction provided by computational chemistry, involving the use of developing, sophisticated
theoretical models and methods, including density functional theory and ab initio calculations (Ziegler,
1997; Greeley et al., 2002). These methods enable quantitative calculations of activation energies and the
identification of favorable energy paths for reaction. These theories support the notion of a dynamic catalyst
surface. They are leading to breakthroughs in our understanding. For example, DFT calculations have been
used to establish a universal correlation between adsorption energies and catalytic activity for a class of
catalytic reactions (Norskov et al., 2002); this correlation provides a basis for predicting the best catalyst
and/or improving catalysts for a given reaction.

Observations and insights based on these new experimental and theoretical methods are a sizable wave in
the future of catalysis. They enlarge our perspective of catalytic reactions and should ultimately provide a
basis for design of catalysts at the molecular level.

1.4 Summary of Important Principles

In the first part of this chapter we traced the development of catalytic science and technology from its
beginning in the early 1800s to its present state of vital importance in our economy, its critical role in
cleaning our environment, and its established function in enabling life processes.
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This chapter focused on definitions of important fundamental catalytic phenomena, including catalysis,
elementary steps, active sites, catalytic activity, structure sensitivity, and support effects. Our discussion also
included important processes in catalytic reactions including adsorption, various kinds of surface reactions,
pore diffusion, and film mass transfer as well as fundamental reaction parameters such as rate constant, mass
transfer coefficient, Thiele modulus, and effectiveness factor.

Some of the important principles emphasized in Chapter 1 include the following:

e A catalyst is a material that enhances the rate and selectivity of a chemical reaction and in the process is
cyclically regenerated. It is like a mountain guide who directs people (molecules) over a highly favorable
mountain pass (low activation energy path) to a selected valley (of products) and returns unchanged to
guide additional groups.

e A typical heterogeneous gas-phase catalytic reaction involves seven physical and chemical steps: (1)
diffusion of reactants from the bulk gas stream through the stagnant gas film surrounding the catalyst
particle to the particle surface, (2) diffusion of reactants through the porous network of the catalyst to the
catalytic crystallite surface, (3) adsorption of reactants on active sites of the crystallite surface, (4)
reaction on the surface of adsorbed reactant intermediates to adsorbed product species, (5) desorption of
products from the surface, (6) diffusion of products out of the porous network to the pore mouth, and (7)
diffusion of products from the external catalyst particle surface through the stagnant gas film to the bulk
gas stream.

e Adsorption is the formation of chemical or physical bonds between an adsorbing species (the adsorbate)
and an adsorbing surface (adsorbent) driven by the propensity of adsorbent surface atoms to increase
their surface coordination numbers (i.e. decrease their surface free energy). Chemical adsorption
(chemisorption) involves the formation of strong chemical bonds between adsorbate and adsorbent with a
high heat of reaction (i.e. generally > 50-300 kJ/mol); it generally occurs at relatively high temperatures
and is monolayer specific. Physical adsorption (physisorption) involves the condensation of adsorbate
molecules on the adsorbent at relatively low temperatures; it generally involves Van der Waals forces
and low heats of adsorption (< 15-20 kJ/mol), and it occurs in multilayers on the surface.

e Langmuir theory is a simple, useful model for relating surface coverage to gas-phase pressure during
monolayer adsorption. Although it does not account for observed changes in the heat of adsorption with
coverage, it nevertheless models adsorption behavior well for many adsorbate-adsorbent systems over a
significant (typically intermediate) range of fractional coverage.

e BET theory, an extension of Langmuir theory, is the basis of a useful model for relating surface coverage
to gas phase pressure for multilayer, physical adsorption. BET analysis of low-temperature N, adsorption
data is a widely accepted method for measuring the total internal surface area of a porous solid.

e The complete reaction rate expression for a typical heterogeneous catalytic reaction includes terms for
surface reaction, pore diffusion, and film mass transfer resistances. At mild reaction conditions the
surface reaction limits reaction rate, while at severe (high-temperature) reaction conditions film mass
transfer limits reaction rate causing reactant concentrations to drop markedly across the gas film
surrounding a catalyst particle. Pore diffusional resistance becomes important at moderately severe
conditions, causing reactant concentrations to drop through catalyst pores.

e The Thiele modulus indicates the degree to which pore diffusional resistance causes a drop in reactant
concentration through catalyst pores with a subsequent overall decrease in reaction rate. A large Thiele
modulus is indicative of a sharp drop in reactant concentration and hence rate throughout the pore. Thiele
modulus increases with increasing pellet size and increasing reaction rate. The fractional drop in rate due
to pore diffusional resistance, or the effectiveness factor, can be calculated from a hyperbolic function of
the Thiele modulus.
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The rate of a chemically-controlled surface reaction may be limited by the rate of adsorption, surface
reaction, or desorption. The form of the rate expression is very different for each of these three cases but
can be determined by a kinetic analysis of the elementary steps for each of these cases.

The most general kinetic tool for analyzing kinetics of elementary steps is the steady-state
approximation, which states that the derivative of the concentration with time of an active center (short-
lived reaction intermediate) is approximately equal to zero, i.e. d[/]/dt = 0. A consequence of this
approximation is that the net rates of elementary steps in a sequence are equal (i.e. 7; =, = r3....). These
two relationships can be used in a kinetic analysis of a sequence of proposed elementary steps to
eliminate the unknown intermediate concentrations and thus derive a rate expression in terms of
measurable concentrations.

Catalytic activity is most generally defined as the rate of a specified catalytic reaction under specified
conditions in the presence of a specific catalyst. Specific catalytic activity is the same as specific rate, i.e.
r = (1/v;Q) dnj/dt where Q = mass, volume, or surface area. Turnover frequency (TOF) is a specific
reaction rate per active catalytic site, i.e. it is the frequency (s_l) at which molecules react on an active
site defined at specified conditions of temperature, concentration of reactants, and conversion.

While in principle TOF is an invariant for a given catalytic material and reaction at specified reaction
conditions independent of catalyst preparation or metal loading, in practice it may vary with surface
structure and metal dispersion. If so, the reaction is said to be structure sensitive. There are several
distinguishing features of a structure sensitive reaction: (1) it typically occurs on large, multiple-atom
sites, (2) it typically involves activation of C-C and N-N bonds, and (3) effects of alloying and poisoning
on reaction rate are large. Thus hydrocarbon hydrogenolysis reactions, such as ethane hydrogenolysis,
involving the rupture of C-C bonds and ammonia synthesis involving the rupture of N-N bonds might be
expected to be structure sensitive and indeed they are.

Support effects are defined as interactions between the catalytic phase and its carrier or support, which
affect specific activity. Observed support effects include: (1) a strong interaction of an unreduced metal
oxide with an oxide support preventing complete reduction of the metal, e.g. strong interaction of base
metal oxides with alumina, silica, or zeolite supports; (2) support-induced size and morphology, e.g.
pore-limited crystallite diameter, epitaxial growth of metal layers on carbon and silica, and two-
dimensional raft-like structures of metals; (3) contamination of the metal by support material either
during preparation or during reduction of the catalyst; (4) bifunctional catalysis, i.e. reactions on both the
metal and support; (5) spillover of species from the metal to the support and vice-versa; and (6) a change
in the electronic properties of small clusters (dcpuseer < 2—3 nm) due to electronic polarization by the
support. The electronic properties of these small metal clusters are inherently different than those of the
bulk metal as there are a discrete number of atoms in the cluster. Accordingly, it is difficult to separate
size from support effects in nanoclusters.

Increasingly sophisticated surface spectroscopies and powerful computational methods based on
fundamental theory are leading to a better understanding of the complex surface chemistries involved in
adsorption and catalytic reaction processes. For example, they reveal that (a) rough surfaces, e.g. edge
and corner sites, may be largely responsible for catalyzing surface reactions; and (b) catalytic surfaces
are dynamic systems, which undergo restructuring during adsorption and reaction, e.g. as molecules
adsorb, neighboring surface atoms optimize their coordination and first layer ‘relaxation’ or displacement
of atoms in the first layer occurs. They are leading to breakthroughs in our understanding, which provide
a basis for catalyst design at the molecular level. These methods are a sizable wave in the future of
catalysis.
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1.6 Exercises

1.1 Who were four or five great pioneers of catalytic science and technology and what did they contribute?
1.2 What was in your view the greatest development in catalytic technology in the 20" century and why?
1.3 Congratulations, you have been promoted and transferred to the planning division of Cal’s Catalyst Corp.

Your first assignment is to make recommendations to the President (Cal) regarding the company’s investment
in R&D during the next 10 years. Specifically the President wants you to give him a one-page summary,
which addresses the following questions:

a) Is the field of catalysis a mature technology area? Is there potential for breakthroughs, and if so in what
process areas? How rapidly will the sales of catalysts grow in the next 10 years? Should the company
expand its R&D? If so, how rapidly? Assume the company devotes about $10/million per year or about
2% of its annual sales to R&D.

b) What kinds of new catalyst and reactor technologies could the company expect to research and develop in
the next 10 years? What are the most promising areas of new catalyst technology? Reactor technology?
On what areas should the company focus its long term efforts?

14 For a given reaction and set of conditions does the use of a catalyst change the equilibrium constant or heat of
reaction compared to the situation in which no catalyst is used? Explain.

1.5 The noncatalytic oxidation of a hydrocarbon occurs at 650°C and has an activation energy (£,) of 167 kJ/mol.
By using a catalyst the activation energy (£,) can be reduced to 84 kJ/mol.

a) What would be the temperature for the catalytic reaction in order to achieve the same conversion assuming
preexponential factors, concentration dependencies, and reactant concentrations are the same?

b) Assuming we know the equilibrium constant, enthalpy (AH), and free-energy (AG) for the noncatalytic
reaction at 650°C, how would these quantities be changed in the catalytic reaction at the new temperature?

1.6 Kinetic analogies illustrate the general applicability of kinetic principles to other aspects of life (many of
which are activated rate processes). For example, the increase in salary with time of a university student is
zero-order, i.e. d(pay)/dt = k where k is a small constant; radioactive decay is a first-order process, i.e. —-dCa/d¢
= k Ca; and bacterial growth is a second-order process, i.e. dCg/dt = kCgCn, where Cp = the concentration of
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bacteria and Cy the concentration of nutrient. Diffusion and viscosity are processes activated by temperature;
learning and writing reports are highly activated processes. Think of your own analogy to a zero, first or
second-order rate process; also think of your own analogy to an activated process.

(a) Search the ‘popular’ scientific literature (e.g. Chem and Eng. News, Chemical Week, CEP, Chemical
Engineering, etc.) and find an article that relates to catalysis or kinetics. Give the reference and write a one
paragraph summary. (b) Search the catalysis and/or kinetics literature (e.g. J. Catalysis, Applied Catalysis,
Catalysis Reviews, etc.) and find an article on a subject of interest to you. Give the reference and write a one
paragraph summary. (c¢) List the names of 10 periodicals found in (b).

The reaction of oxygen and hydrogen to form water, 2H, + O, = 2H;0, occurs explosively if a gaseous
mixture of the reactants is ignited by a spark or flame or if it is heated to its ignition temperature. However, in
the absence of a spark, the mixture is indefinitely stable at room temperature.

a) What will happen if a small amount of Pt catalyst (no spark) is added to the gaseous mixture? Explain
from a kinetic point of view.

b) Is this relatively simple reaction an elementary step? Why or why not?

Which would you expect to be the more stable, useful catalyst for high-temperature oxidation of CO,
unsupported Pt (Pt black), or Pt supported on high-surface area alumina? Explain. What kind of support effects
might you expect with Pt/Al,O3 for this reaction?

What kind of process limits the rate of a heterogeneous catalytic reaction at mild (low-temperature) reaction
conditions? At high-temperature reaction conditions? What are the approximate ranges of activation energy
for these two conditions?

Explain how you might experimentally determine if adsorption of N; on iron is chemical or physical? Under
what conditions would you expect physisorption? Chemisorption?

H; gas adsorbs on the active sites Wy of a tungsten surface according to the reaction:

ka
kd
Express the surface coverage of Hygs in terms of the equilibrium constant for adsorption and the concentration

of H, gas and draw a sketch of the surface coverage against Py, (or PHzm) for the cases of ky >> ky, ka = ky,
and k&, << ky.

H, +2Wg

2H-Wg (2H a45)

Derive the Langmuir adsorption isotherm for the following cases: (a) molecular adsorption of NO; (b)
dissociative adsorption of NO; (c) competitive adsorption of molecularly adsorbed NO and dissociatively
adsorbed H without further reaction.

Data for the adsorption of nitrogen on silica gel (high pore-volume type) at —196°C are given in the following
table in which x = P/P, = relative pressure and ¥ = volume adsorbed, cc (STP)/g. Plot the isotherm and
calculate the surface area. List all the information that can be obtained about the catalyst from the total
isotherm.

Adsorption Desorption
x Vv X V X V
0.052 106.3 0.804 322.1 0.888 661.2
0.085 115.9 0.878 409.8 0.878 5944
0.142 129.8 0.908 482.3 0.830 394.9
0.225 148.7 0.918 515.6 0.775 302.0
0.246 150.6 0.930 558.3
0.306 163.4 0.942 594.0
0.347 169.5 0.959 669.4
0.410 180.1 0.970 678.9
0.548 210.4 0.983 679.6
0.580 219.9 0.995 680.0

0.688 252.0
0.709 262.6
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Draw reactant/product concentration and temperature profiles as a function of distance across a gas film and
into the center of a catalyst pellet for an exothermic reaction R — P: (a) controlled by chemical reaction; (b)
controlled by film mass transfer; (c) influenced by pore diffusional resistance.

An unsaturated polymer is to be hydrogenated in a fixed bed reactor utilizing a particulate Ru/Al,O3 catalyst.
Indicate how the reaction rate would change for each mode of reaction control: (a) film mass transfer control;
(b) chemical reaction control; (c) high pore diffusional resistance. Consider the effects for each case above of
increasing: (i) linear velocity; (ii) temperature; (iii) particle size; (iv) dispersion of Ru; (v) concentration of Ru
in the outer shell of the catalyst particle; (vi) concentration of Ru in the catalyst particle.

Jarvi and co-workers (G.A. Jarvi, K.B. Mayo, and C.H. Bartholomew, Chem. Eng. Commun., 4, 325-341
(1980)) report an experimental first-order rate constant kqps for methanatlon of CO on a 3% N1/A1203 catalyst
in the form of 0.32 cm pellets at 400°C and 1 atm of 24.5 cm /gcat—s They also report a mass transfer
coefficient of 14 cmyg,s /cmcat2 -s calculated from mass transfer correlations. The catalyst has a bulk density of
0.98 g/cm3 and a specific geometrical surface area of 8.0 cm’/em’ bed. (a) Calculate the fraction of the overall
resistance provided by film resistance (note that reaction resistance is 1/k"7 and film resistance is 1/kp,). (b) Is
the reaction film-diffusion controlled? Could we expect a high or low pore diffusional resistance under these
conditions? Explain. (c) What would the rate of reaction be in the absence of film diffusion resistance?

In the cracking of n-propylbenzene over a new experlmental catalyst in crushed-powder form (d, = 0.01 cm)
the first-order rate constant is observed to be 43.8 cm /g-s at 427°C. The activation energy is 167 kJ/mol. (a)
Determine if the observed rate constant at 427°C for the crushed catalyst is intrinsic, i.e. unaffected by pore
diffusional resistance. Assume De=9.7 x 10~ cm?/s. (b) What would be the observed rate constant of this
reaction at 527°C for a commercial packed bed containing pelleted catalyst and fluid with the properties listed
below? Neglect film mass transfer resistance. (c) What might be done to the catalyst to increase its
effectiveness?

Catalyst properties Gas properties in the reactor

dy (sphere diameter) = 0.35 cm pressure = 1 atm

pore volume = 0.42 cm3/g temperature = 527°C

pp (particle dens1ty) =1.42 g/crn fluid = n-propylbenzene in benzene

Deir=9.7 x 107+ cm®/s (427°C)

What is the most general theoretical kinetic tool for analyzing a sequence of elementary steps? What is the
mathematical statement of this theoretical approximation? What does this approximation reveal about the
relative overall rates of elementary steps in a series sequence?

NO decomposition at high temperatures on Cu-ZSM-5 is thought to occur by the following mechanism where
S is a surface site.

NO +28S < N-S+0-S (1)
2N-S >N, +28 (2)
20-S—>50,+28 3)

Derive a rate expression in terms of measurable concentrations and rate/equilibrium constants for the
disappearance of NO based on the above sequence. (a) Do not assume quasi-equilibrium for (1); (b) do assume
quasi-equilibrium for (1).

For the CO oxidation reaction assuming mechanistic steps 1.8 to 1.11 (re-label as steps 1-4), derive a rate
expression for CO, formation: (a) given step 3 is the rate limiting step; (b) given step 1 is the rate limiting
step. Do your answers in (a) and (b) agree with the results from Example 1.3? Why or why not?

In Example 1.3 it was demonstrated how a rate expression could be derived from a sequence of elementary
steps (reactions 1.8 through 1.11) involving atomic oxygen. In this case the rate expression predicts a
maximum of half order in oxygen. However, for some catalysts, e.g. Pt-Rh/Al,O3 catalysts, the rate is
observed to be first-order in oxygen. What must happen to the sequence of elementary steps to enable
prediction of first-order? Derive the rate expression for this case. What are the implications regarding the
ability of such a catalyst to dissociate oxygen?
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In the selective oxidation of isobutylene to dimethyl ketone using a MoOs3/U303/Si0O; catalyst it is thought that
each reactant utilizes different catalytic sites. The reaction rate is controlled by surface reaction between the
two adsorbed species. Postulate a sequence of elementary steps and derive the LH rate equation; sketch the
rate versus pressure of isobutylene curve assuming the O, pressure is large. Compare this plot to the case
where both reactants compete for the same sites.

(a) Derive the rate expression for the water-gas shift reaction on a solid catalyst surface if it follows the
sequence of elementary (or simple) steps below with step 3 rate determining and steps 1 and 2 in quasi-
equilibrium; S, CO-S, and O-S are active centers where S is a surface site.

H,O+S PN O-S+H; (D)
CO+S VAN CO-S ()
0-S+CO-S — CO, +2S (3)

(b) Comment briefly on the validity of the above mechanism. Is it reasonable? Are the steps truly elementary?
Is it likely that H,O and CO would adsorb on the same sites? Explain your response to this last point.

For the isomerization of neopentane (A) to isobutane (B) over a Pt catalyst, a surface site of which is
represented by o, derive the rate of expression based upon the following mechanism; assume step 2 is the rds
and that A-c is the most abundant surface intermediate (i.e. 6 > 6p).

ct+Ao Ao (1

A-c > B-oc 2)

B-ceoB+o 3)

Given the following sequence for reduction of NO with CO on ruthenium, derive the simplest rate expression
in terms of measurables. Do not assume a rate-determining step; do assume that CO coverage is very small.

NO + Rug < NO-Rug (1) fast (quasi-equilibrium)
CO+Rugy ¢ CO-Rug (2) fast (quasi-equilibrium)
NO-Rus + Rus  — N-Rug + O-Rug 3)
2N-Rug — Nz +2 Rug 4)
CO-Rug + O-Rus — CO, +2 Rug ®)]

Read the paper by Hecker and Bell, J. Catal. 84:200 (1983). (a) List assumptions and simplifications used to
derive Equation 7 in the article. (b) Derive a rate expression assuming NO adsorption is the rds. How does this
agree with the experimental data? (c) Some workers are of the opinion that removal of adsorbed O atoms from
the surface via COg + Oy — CO; + 2s is the rds. Do you agree? (d) Propose a mechanism for formation of N,O
from NO and CO in which the rds is an Eley-Rideal reaction between adsorbed NO and gas phase CO and
which goes through an intermediate NCO-S. Derive the predicted rate expression and tell how it agrees with
experimental data.

What are the characteristics of a structure sensitive reaction? Since CO hydrogenation on Co and
hydrogenolysis of n-CgHis on Pt involve the breaking of C-O and C-C bonds, how can one explain the
structure insensitivity of these reactions on these catalysts?

* Relatively difficult problems
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